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Capítulo 1 
 
En los últimos años se ha producido un gran desarrollo de la industria 
fotovoltaica y dentro de ella, de las tecnologías de capa fina ya que 
permiten un importante ahorro de material. 
Dentro de este marco, se puso en marcha la fábrica T-Solar en 
Ourense, en dónde se producen paneles fotovoltaicos de capa fina de 
silicio amorfo de gran tamaño.  
En este primer capítulo se detallan los pasos para la producción de 
estos paneles, entre ellos los procesos láser que realizan el marcado 
de los paneles y las máquinas de calidad en línea existentes en la 
fábrica. 
El funcionamiento básico de un panel fotovoltaico de silicio amorfo es: 
la luz pasa a través del cristal y del TCO (óxido transparente conductor) 
y llega al silicio. En la capa intrínseca se produce el efecto fotoeléctrico 
y los electrones van hacia la capa dopada N y de ella a las capas 
metálicas. A través del marcado P2, pasan a la célula siguiente 
realizando la conexión en serie: 
 
Imagen  1: Corte transversal de una célula.  
Los láseres han sido una herramienta clave en el desarrollo de la 
tecnología de capa fina permitiendo una gran precisión y una alta 
cadencia. Los procesos láser se realizan a través del cristal, calentando 
y eliminando el material depositado. Con diferentes longitudes de 
onda, se consigue marcar las diferentes capas y crear así el circuito en 
serie por el que pasa la corriente generada en el panel. 
La calidad en línea es muy importante tanto para conseguir mejoras de 
rendimiento como para la segregación de paneles, lo que ahorra 
costes en materiales. Para esto en la fábrica existen tres máquinas, 
una de control de las capas depositadas y las otras dos de 
monitorización del comportamiento del dispositivo completo, antes y 
después de encapsularlo. Estas máquinas reflejan en el valor global 
cuando existe un defecto en el panel medido pero no indican la 
posición de ese defecto que es algo importante para buscar la causa 
raíz.  
En este sentido, existen métodos que sí proporcionan esta 
información, algunos de ellos son destructivos como la microscopía 
(esto supone un gasto considerable) y otros no destructivos. Este 
estudio se centra en estos últimos comparando la información 
obtenida por tres métodos no destructivos: 
- Simulador solar: sólo ofrece el resultado global del dispositivo 
mediante el trazado de una curva IV. 
- Termografía infrarroja: se ha realizado como prueba en 
algunos de los paneles pero no está incluida como medida de 
calidad en línea. Este estudio se sirve de parte de los mapeados 
obtenidos con este método. Para ello se le aplica una señal 
externa al panel y se captura una imagen del panel con una 
cámara infrarroja. Este método tiene el inconveniente de que 
está limitado por la resolución del sensor CCD.  
- LBIC: este ha sido el método escogido para este estudio. Con 
fuentes láseres de diferentes longitudes de onda se ilumina el 
panel, lo que produce una señal eléctrica. Con esta señal 
eléctrica se puede hacer un mapeado de la respuesta del 
panel. La resolución viene determinada por el tamaño del haz 
que fija el número de medidas para cubrir toda el área del 
panel. 
En este capítulo se hace también una pequeña introducción a  los 
parámetros, presentando las fórmulas que los relacionan, 
utilizados para medir y comparar paneles fotovoltaicos. Cada uno 
de los defectos que se pueden encontrar en la fabricación de los 
módulos solares está asociado a uno o a varios de estos 
parámetros. Con la corriente en cortocircuito, el voltaje en circuito 
abierto, el factor de forma, la eficiencia y las resistencias 
características se puede definir un panel solar fotovoltaico.  
 
Imagen  2: Imagen de una curva IV en dónde se muestran todos los parámetros usados para 
caracterizar paneles fotovoltaicos.  
Por lo tanto, el objetivo de este estudio es la caracterización de 
paneles solares fotovoltaicos de silicio amorfo de capa fina 
mediante el método LBIC. Con esta caracterización se puede 
obtener un listado de los defectos encontrados, optimizar los 
parámetros y analizar la viabilidad en un entorno industrial. 
 
Capítulo 2 
 
Este capítulo versa sobre la puesta a punto del sistema finalmente 
empleado para la caracterización de los módulos solares fotovoltaicos.  
Entre las posibles soluciones para la medida del panel debido a su gran 
peso y tamaño (1,1 x 1,3m) se decidió escoger un robot para realizar 
grandes movimientos que cubran toda el área del panel y colocar en el 
brazo un escáner para tener precisión y barrer pequeñas zonas. El 
escáner escogido también está en función del peso máximo admitido 
por el robot. 
En lugar de tener una única fuente láser, se decidió usar un láser 
sintonizable con tres diferentes longitudes de onda para barrer el 
espectro de absorción de los módulos fotovoltaicos de silicio amorfo 
de capa fina.  
Para la modulación de la señal se ha empleado un generador de onda 
que varía la corriente de alimentación del láser. Este generador 
también produce la señal de referencia para que el lock-in pueda aislar 
el ruido de fondo. 
En este capítulo se muestran la marca y modelo de cada uno de los 
elementos y sus principales características.  
Para poder poner en funcionamiento todo el sistema, fue necesario 
construir algunas piezas de adaptación. En primer lugar, un carro en el 
que el panel se coloca en posición vertical y se fija gracias a los raíles 
traseros. Se incluyen algunos mecanismos de ajuste para que el área 
activa del panel esté siempre en perpendicular. En el centro se pone el 
robot sobre una peana y en el extremo opuesto unos contrapesos. 
En segundo lugar, hubo que fabricar una pieza para poder adaptar el 
escáner al brazo del robot. Esta pieza cumple en realidad dos 
funciones: la unión entre el robot y el escáner y hace también de 
soporte para el sistema óptico que adapta el haz a la entrada del 
escáner. 
El sistema óptico construido para adaptar el haz a la entrada del 
escáner consta de una lente convergente de focal 50mm y un 
diafragma que elimina la difracción. Existe la posibilidad de añadir más 
lentes para cambiar el tamaño del spot.  
Un problema surgido durante el montaje fue la adaptación del voltaje 
de salida del panel (en torno a 90V) a la electrónica del sistema. Se 
decidió medir el voltaje en modo directo con el lock-in pero el voltaje 
máximo de entrada es de 12V. Se construyó entonces un adaptador de 
voltajes con 10 resistencias entre 0,5 y 200Ω. Se puede utilizar una 
única resistencia o varias en paralelo. Entonces, la salida del panel se 
conecta al canal 2 del adaptador de voltaje y la salida de este al lock-
in.  
Otra adaptación más de voltaje fue necesaria entre el robot y el 
ordenador. Por el tipo de programación del robot, esta no puede ser 
controlada por el ordenador así que se programó para hacer 
movimientos cíclicos y controlar su ejecución con las señales del 
ordenador.  
Se usa una tarjeta de adquisición de datos para esta función pero la 
señal de salida del robot va de 0 a 24V y la de la tarjeta está entre 0 y 
5V. Así que se creó un circuito para cambiar de 5 a 24V con un opto 
acoplador y de 24 a 5V con un divisor de voltaje.  
El ordenador controla entonces todos los instrumentos: 
- La conexión con el generador de onda se hace vía TCP/IP. Este 
equipo controla la activación del láser.  
- La conexión con el lock-in se hace por USB. 
- La conexión con el robot y el escáner es más compleja: en el 
ordenador hay una tarjeta de adquisición de datos del escáner 
y esta tarjeta tiene un puerto para comunicarse con los láseres.  
- Aquí se muestra una imagen del sistema: 
Aquí se muestra una imagen del sistema: 
 
Imagen  3: Imagen de todo el sistema de medida con las conexiones entre equipos.  
El funcionamiento del sistema completo es el siguiente: 
El láser genera un haz que es guiado a través de la fibra hasta el 
acondicionador óptico (lente y diafragma). La corriente de 
alimentación del láser está modulada por el generador de onda.  
La lente enfoca el haz y el diafragma corrige la difracción y la 
disposición de ambos hace que el haz entre perpendicular al escáner. 
El escáner refleja el haz hacia el módulo solar y excita parte de una 
celda. 
Esta excitación genera una señal eléctrica que pasa a través de todo el 
panel hasta la caja de conexiones. Después de pasar por el adaptador 
de voltajes llega al lock-in.  
Para discriminar qué parte de la señal corresponde a la excitación 
generada por el haz láser o a la iluminación de fondo, el lock-in toma 
la señal de entrada y la multiplica por la señal de referencia que recibe 
del generador de onda). 
Estos datos son enviados al ordenador, en dónde se ha creado un 
programa para cambiar los parámetros antes de cada medida, 
visualizar en tiempo real el escaneo del panel y poder guardar los 
datos obtenidos en un fichero de Excel. En el primer anexo se detallan 
los movimientos del robot para el escaneo del panel y el 
funcionamiento del programa:  
- Seleccionar el archivo que contiene la configuración inicial  
- Definir los protocolos de comunicación con los equipos 
- Configuración de la señal aplicada (generador de onda) 
- Generar señal de modulación (activación del láser) 
- Configuración del lock-in 
- Configuración del escáner  
- Configurar puntos de medida 
Antes de poder realizar medidas, hay que caracterizar las fuentes 
láser. El proveedor proporciona unas curvas de potencia (están en el 
tercer anexo) pero es necesario realizar una medida de potencia al 
final de la fibra puesto que hay pérdidas.  
Se usa un medidor de potencia portátil y la primera fuente láser a 
caracterizar fue el láser azul (473nm). Se realiza en primer lugar una 
medida de la potencia en función del voltaje aplicado y se observa que 
2V es el umbral de emisión de esta fuente y que la potencia de 
saturación es de 12mW. Se observa también que la zona lineal, que es 
la óptima para emplear el láser no es muy estable. Se hacen también 
medidas de la corriente consumida frente al voltaje aplicado y de la 
potencia frente a la corriente consumida. Se observa que el voltaje de 
saturación es de 4,5V.  
Se repite la medida de potencia frente al voltaje aplicado cinco veces 
para comprobar la repetitividad de la fuente que está entre 0,8 y 0,97. 
Por último, se mide la potencia con el láser encendido con un voltaje 
aplicado de 3,7V durante cinco horas para comprobar la estabilidad 
temporal y se observa una variación del 6,7%. En cambio, si se observa 
la corriente consumida a lo largo de estas cinco horas, varía solamente 
un 0,8%. 
Se repiten estas pruebas para las longitudes de onda verde (532nm) y 
rojo (655nm).  
Se observa que el láser verde emite a partir de 2V también y que 
satura a 12mW. La repetitividad es mejor (0,92-0,99) y la estabilidad 
temporal también (5,5%), sobre todo tras una hora (2,4%). El láser rojo 
en cambio, no emite hasta los 3,7V y satura en 15mW. La repetitividad 
es similar a la del láser verde y la estabilidad temporal es la mejor de 
las tres longitudes de onda (2,36%). 
Antes de comenzar las medidas sobre los paneles solares se hizo una 
prueba para comprobar qué frecuencias de modulación eran 
aceptables. Para ello, en lugar de emplear el generador de onda, se 
utilizó un chopper de manera que, el haz láser sin modular entra en el 
acondicionador óptico y después se hace pasar por un disco con 
ranuras que es el que genera la modulación.  
 
Imagen  4: Se muestra la disposición para el experimento de frecuencias.  
Con un programa, se configuran los parámetros de cada instrumento, 
el tiempo antes de la medida y el voltaje aplicado a la fuente láser.  
El chopper se presenta con dos discos, uno de 10 ranuras que genera 
frecuencias entre 20Hz y 1kHz y otro de 100 ranuras que genera 
frecuencias entre 250Hz y 10kHz.  
De nuevo la prueba se empieza con el láser azul (473nm), se generan 
frecuencias entre 20 y 900Hz con el disco de 10 ranuras y entre 250Hz 
y 10kHz con el disco de 100 ranuras. Se prueba con diferentes voltajes 
aplicados a la fuente láser (entre 2 y 4,5V). 
En el resultado se observa que a medida que aumenta el voltaje 
aplicado al panel, aumenta también el voltaje generado por éste. Se 
aprecia que a medida que aumenta la frecuencia, aumenta también el 
voltaje generado por el panel.  
Con el disco de 100 ranuras, se ve que el voltaje correspondiente a 
frecuencias por encima de 5kHz parece aleatorio, no sigue la 
tendencia vista hasta esa frecuencia. Puede haber dos razones: que el 
panel no responde a esas frecuencias o que el sistema no es capaz de 
trabajar con frecuencias tan altas.  
En ambos gráficos se observa que los valores obtenidos con un voltaje 
aplicado de 4V son iguales que los 4,5V por lo que ya están realizados 
en la zona de saturación. 
De los resultados con las fuentes láser verde (532nm) y rojo (655nm) 
se pueden extraer las mismas conclusiones, sólo varían los datos de 
saturación porque dependen de la propia fuente láser y no de la 
respuesta del panel o del funcionamiento del sistema.  
 
 
 
 
Capítulo 3 
 
Con el primer panel del que se dispuso, antes de comenzar la 
comparativa con otros métodos y la variación de parámetros, se quiso 
comprobar que el sistema realmente funcionaba. 
Para esto, se colocaron  unas pegatinas en forma circular para simular 
defectos, de modo que, el área bajo las pegatinas es no activa y no 
debe producir una señal eléctrica al no recibir luz. Efectivamente, ese 
fue el resultado. Se vio además que, al estar el panel aislado 
eléctricamente en seis zonas por los cortes láser, cada zona tenía un 
comportamiento distinto, lo que confirma el aislamiento eléctrico 
entre ellas.  
Estos cortes láser transversales a las celdas están hechos para evitar el 
problema conocido como hot spot. Esto ocurre cuando hay al menos 
una celda que genera menos corriente, ésta limita el resto de la fila. La 
polarización inversa de la corriente extra del resto de celdas sobre 
ésta, genera el calentamiento denominado hot spot. Puede provocar 
grandes daños al panel. 
Se instala entonces un segundo panel, del que se tiene la curva 
generada en el simulador solar que mide cada uno de los paneles. La 
curva está comparada con la de un panel de referencia, que es un 
panel de alta calidad. Se observa que el factor de forma es menor y el 
voltaje en circuito abierto también. Este panel también ha sido medido 
con una cámara infrarroja mientras se hacía pasar una corriente por 
él. Se observa que tiene algunas celdas frías.  
 
 
 
 
a) Curva IV 
 
b) Imagen infrarroja 
 
c) Imagen LBIC 
 
Imagen  5: a) Curva IV del panel, b) imagen infrarroja del mismo panel y c) imagen LBIC con 
el láser rojo.  
En primer lugar, se hace una medida con las luces del recinto apagadas 
y otra con las luces encendidas. Ya se observan similitudes entre las 
imágenes obtenidas y la imagen infrarroja porque las mismas celdas 
aparecen remarcadas usando ambos métodos.  
 
Se instalan unos focos con el objeto de aumentar el valor absoluto de 
la señal generada por el panel para que sea más sencilla de filtrar por 
el lock-in pero los resultados que se obtienen dependen de la posición 
de los focos. Hay entonces dos posibilidades: usar la iluminación 
ambiente o hacer una medida de uniformidad para corregir la medida 
en cada punto. Se decide usar sólo la iluminación ambiente hace la 
buena correlación con la imagen infrarroja.  
Se hace un test entonces con las tres longitudes de onda y unas 
condiciones iniciales entre las que se encuentran: distancia entre 
puntos de medida de 5mm, distancia al panel de 487mm y 21 puntos 
de medida por celda. 
Los resultados con las tres longitudes de onda son similares. Se hace 
un análisis también del voltaje a lo largo de una celda promedio y se 
ve que no hay grandes variaciones. Se repite la medida entonces con 6 
puntos por celda y con 3 puntos por celda y el resultado apenas varía. 
La correlación entre los mapeados con 21 puntos por celda y con 3 
puntos por celda está por encima del 0,9. 
Para todos los experimentos realizados, queda fijada la distancia entre 
puntos de medida, la distancia al panel y el número de puntos por 
celda.  
Se prueban entonces las tres longitudes de onda con una forma de 
onda senoidal y cuadrada y se comparan con la imagen infrarroja. Se 
concluye que la onda senoidal ofrece correlaciones mejores con la 
imagen infrarroja, independientemente de la longitud de onda. Con el 
láser rojo, la onda senoidal y cuadrada dan mapeados muy similares, 
probablemente porque como ya se vio es el láser más estable a lo 
largo del tiempo.  
Se escoge entonces el láser rojo para hacer el resto de pruebas. La 
primera de ellas consiste en tomar un offset que coincide con el medio 
de la zona lineal de la rampa potencia-voltaje, y variar la amplitud. De 
este modo, se trabaja sólo con la zona lineal o se llega a la saturación y 
a la zona previa al umbral de emisión. La conclusión, como era de 
esperar es que con una amplitud pequeña, en la que se usa sólo la 
zona lineal, la correlación con la imagen infrarroja es mejor. 
El siguiente experimento se hace con señal cuadrada. En este caso, 
varían el offset y la amplitud para cada prueba. Al tratarse de una 
señal cuadrada, el offset es la potencia mínima y la amplitud sólo es 
positiva por lo que todos los experimentos tienen puntos por debajo 
del umbral de emisión y uno de ellos llega a la zona de saturación.  
En este caso, la mejor correlación se obtiene para un mayor offset y 
amplitud. El caso de amplitud menor, que apenas  supera el umbral de 
emisión ofrece una mala correlación, como era de esperar.   
De todos modos, para comprobar que este sea el problema y no el 
valor de amplitud en sí, se hace un experimento con un offset en el 
medio de la rampa y una amplitud que llega a la zona de saturación o 
se queda dentro de la zona lineal. Ahora se recupera el mismo 
resultado que en el caso de la senoidal y es que, una menor amplitud 
que mantenga el rango de trabajo en la zona lineal es lo óptimo.  
El último de los experimentos con este panel fue variando la 
frecuencia desde 79 hasta 2111Hz. El resultado con 79Hz no es para 
nada similar la imagen infrarroja, como era de esperar tras la prueba 
con el chopper, en donde se vio que hasta 150Hz no había variación de 
la señal. 
Se hace una tabla recopilatorio con todas las pruebas, mostrando los 
parámetros de cada una, el valor de la correlación con la imagen 
infrarroja y el número de celdas de buena o mala calidad; es decir, por 
encima o por debajo de la media, en cada uno de los casos.  
Se observa que la mejor correlación se obtiene con el láser rojo, una 
frecuencia en torno a 900Hz, offset de 4,05V y una señal senoidal de 
0,5V de amplitud o bien una señal cuadrada de 0,3 o 0,1V de amplitud. 
En estos casos, el número de celdas de buena calidad está entre 30 y 
40 y sólo una celda de mala calidad.  
Se inspecciona el panel con un microscopio portátil y se encuentra que 
en la celda mala hay una diferente coloración en una parte del 
marcado P3. Esto indica que las capas depositadas de silicio y/o metal 
no se han quitado completamente. Si esto es así, hay un cortocircuito 
en esa celda y se crea una zona de recombinaciones, que reduce el 
voltaje. El hecho de que aparezca como una celda fría en la imagen 
infrarroja se deriva de que una celda con bajo voltaje conectada en 
serie (con la misma corriente que esa fila), tiene una menor resistencia 
y; por lo tanto, está más fría. 
 
Imagen  6: Ejemplo de la diferente coloración en el láser P3.  
En las celdas de mejor calidad, no se ha visto nada con el microscopio. 
Una posible explicación es que las capas dopadas sean más finas en 
ese punto, lo que reduciría el número de recombinaciones pero sin un 
método destructivo no se puede comprobar.  
A continuación se instala otro módulo, en este caso la diferencia con el 
panel de referencia está en el factor de forma. En la imagen infrarroja 
se ven dos líneas frías con puntos muy calientes en los cortes 
transversales. Además, hay otras tres celdas frías.  
Se repiten los experimentos realizados sobre el panel anterior. Lo 
primero que se observa es que las dos líneas frías con puntos calientes 
no se detectan con ninguna de las longitudes de onda. De nuevo el 
láser rojo es el que funciona mejor y el que ofrece resultados similares 
para señal senoidal y cuadrada. Las conclusiones respecto a la 
amplitud, offset y frecuencia son idénticas al panel anterior.  
En este caso, la mejor correlación se obtiene con láser azul, frecuencia 
de 872Hz y señal senoidal con 0,2V de amplitud y 4V de offset o bien, 
con láser rojo, frecuencia de 872Hz y señal cuadrada con 0,1V de 
amplitud y 4,05V de offset. Se detectan 26 celdas de buena calidad y 2 
de mala calidad.  
El problema encontrado en las líneas frías de la imagen infrarroja es 
una inversión de P2 debido a un problema de programación. El 
obturador se abría cuando tenía que cerrarse y viceversa. Esto quiere 
decir que el P2 no se extiende a lo largo de la celda sino que sólo está 
marcado al principio y al final de la celda, en los puntos que se 
aprecian calientes en la imagen infrarroja. Estos puntos cierran el 
circuito y hace que no se vea una bajada de voltaje en esas celdas y no 
se detecte con el LBIC. 
 
Imagen  7: Inversión del láser P2 en las celdas de los extremos. 
En las otras dos celdas malas detectadas con el LBIC, el problema es la 
decoloración en P3, al igual que en el panel anterior.  
Se instala un nuevo panel con problemas en el factor de forma y en el 
voltaje en circuito abierto. En la imagen infrarroja se ve un bloque frío 
y muchas celdas frías diseminadas por el panel. Se ve también 
diferencia de temperatura entre bloques.  
Con las primeras medidas se ve que se reproduce el bloque frío de la 
imagen infrarroja pero que se aprecia también que los bloques 
centrales tienen un voltaje menor y esto no concuerda con las 
diferencias de temperaturas, lo que hace que no haya correlación 
entre las imágenes (es negativa). 
A pesar de esto, las conclusiones son análogas a los paneles 
anteriores. En este caso, la mejor correlación se obtiene con el láser 
verde pero no es representativa al ser todas negativas o muy cercanas 
a cero. 
Respecto a la problemática vista en este panel con el microscopio, en 
la columna fría de la imagen infrarroja no se ha detectado nada. Por el 
posicionamiento coincide con una decoloración vista en algunos TCOs 
debido al transporte y que puede modificar sus propiedades haciendo 
disminuir el voltaje. En el resto de celdas de mala calidad se ve la 
misma decoloración en P3 y otros problemas en P2.  
Se instala un nuevo panel con una diferencia en la corriente en corto 
circuito y en el factor de forma respecto al panel de referencia. En la 
imagen infrarroja se ven unas cinco celdas frías y una cierta 
alternancia de temperaturas en el primer sector.  
El resultado obtenido con LBIC para este panel no es bueno porque no 
se detectan las alternancias ni todas las celdas frías. De nuevo, las 
correlaciones son negativas.  
En este caso la mejor correlación se obtiene con el menor offset para 
la señal cuadrada pero no es representativo por ser todas las 
correlaciones negativas.  
En las celdas frías y detectadas con menor voltaje, el defecto es de 
nuevo una distinta coloración en P3 incluso con presencia de 
partículas. También se aprecia un exceso de potencia en el láser P2 (un 
donut en el spot). En la celda que tiene bajo voltaje pero no aparece 
fría en la imagen infrarroja, el problema en cambio son restos sobre el 
P1.  
 
Imagen  8: Restos sobre el láser P1 que crean un cortocircuito.  
La diferencia de temperaturas detectada alternativamente en el 
primer sector puede estar relacionada con los láseres, ya que cada uno 
de ellos, alternativamente, se inicia en un extremo.  
Con el siguiente panel se ha decidido hacer más pruebas para afinar 
las mejores condiciones. Este panel tiene un menor voltaje en circuito 
abierto y un menor factor de forma que la referencia. En la imagen 
infrarroja se detectan celdas frías en casi todos los sectores.  
Para este panel, se hace una prueba variando cada una de las 
longitudes de onda entre 5 y 10mW para poder analizar los valores 
absolutos. Se observa que el láser rojo es el que produce una mayor 
señal.  
En el análisis de la variación de la amplitud para la señal senoidal, se 
añade una amplitud de 0,05V con la que se obtiene una correlación 
muy mala. La amplitud debe ser al menos de 0,1V. 
Se hacen también dos pruebas a 4,4V de offset para señal senoidal y 
cuadrada variando la amplitud. Se ve que es un offset muy alto, casi en 
la zona de saturación y la correlación empeora.  
Por último se prueba de nuevo la amplitud de 0,05V con frecuencias 
más altas pero el resultado no mejora.  
Las mejores condiciones son similares a las de los primeros paneles.  
El último panel confirma todas las conclusiones de los paneles 
anteriores.  
Una vez que se tienen todos estos datos, se pueden analizar 
gráficamente de distintos modos. Se analiza el coeficiente de 
correlación frente a la longitud de onda para señal senoidal y cuadrada 
y se ve que para la mayoría de paneles, los mejores resultados se 
obtienen con el láser rojo.  
Se analiza también el coeficiente de correlación frente a la amplitud 
para señal senoidal y cuadrada y se observa que no existe una gran 
dependencia de la amplitud, excepto si se incluye la medida con 0,05V 
donde se confirma que debe ser al menos de 0,1V.  
En el análisis del coeficiente de correlación frente al offset se confirma 
que cuanto mayor es el offset, mejores son los resultados.  
 Imagen  9: Gráfico del coeficiente de correlación frente al offset para señal cuadrada. 
Analizando la frecuencia, se confirma lo visto con el chopper y es que 
la frecuencia deber ser mayor que 150Hz. En este caso, se ve que no 
hay linealidad y que el máximo del coeficiente de correlación está 
entre 500Hz y 1kHz. 
Otro análisis posible es atendiendo al tipo de defecto, así se observa 
que: 
- Celdas con diferente coloración de P3 están por debajo de la 
media de voltaje.  
- Celdas con diferente coloración de P1 están por encima del 
doble de la media de voltaje.  
- Celdas con defectos en P2 presentan valores de voltaje en 
torno al doble de la media.  
- Celdas con marcas en la deposición de TCO, dan los mismos 
resultados que la diferente coloración en P1, en torno al doble 
de la media de voltaje. 
- Las celdas con inversión de P2 dan valores en torno a la media, 
ya que, como ya se comentó este defecto no afecta al 
comportamiento de la célula, sólo a su temperatura.  
Haciendo la media de estos valores y comparándolos con las 
longitudes de onda se confirma lo visto en la literatura: que los 
problemas que afectan al TCO, al P1 o a la capa dopada P se detectan 
muy bien con el láser rojo; los problemas relativos a la capa intrínseca 
se detectan con el láser verde y los relativos a la capa n o al P3 con el 
láser azul.  
Se hizo también un análisis del tipo de defecto en función de la 
amplitud usada, todos ellos con el láser rojo y por lo tanto, los 
defectos más fiables son los del P1 o el TCO. En estos se observa que 
con una menor amplitud, aumenta el coeficiente de correlación, 
confirmando que la mejor zona de trabajo es la zona lineal.  
Se repite el mismo análisis con la frecuencia y se confirma que el 
máximo del coeficiente de correlación está entre 500Hz y 1kHz.  
Ya que muchos de los paneles presentaban el defecto de diferente 
coloración en P3, se diseña un experimento en el laboratorio con el fin 
de confirmar si hay restos metálicos.  
 
Imagen  10: Fotografía del experimento realizado en el laboratorio para confirmar la 
presencia de restos en los cortes láser.  
Para esto, se coloca una pequeña parte de un panel con este defecto 
en vertical y se hace incidir un láser de He-Ne (633nm) en las líneas 
láser. Al atravesar una de estas líneas, ésta actúa como una rendija 
creando un patrón de difracción. Al tener tres rendijas, se tiene un 
patrón de difracción suma de las tres rendijas.  
Con un microposicionador, se puede desplazar el haz a lo largo de la 
línea. Se observa visualmente que en algunas zonas de la línea, la 
intensidad del patrón de difracción cambia (tanto el de transmisión 
como el de reflexión).  
Se marcan estas zonas y luego se comprueba en el microscopio como, 
efectivamente, estas zonas presentan una diferente coloración.  
Con la teoría de difracción se hace una simulación de la intensidad del 
patrón de difracción en presencia del defecto y sin él y se confirma 
que en presencia del defecto, la intensidad baja hasta la mitad 
aproximadamente.  
 
Imagen  11: Disminución de la intensidad del patrón de difracción en presencia de un 
defecto. 
Por último, de cara a la aplicación industrial sería necesario hacer 
cambios ya que esta configuración del sistema no permite seguir la 
cadencia establecida en la fábrica.  
Se podría usar fuera de línea, de modo que la cadencia no sea un 
factor importante o bien hacer algunas modificaciones como sustituir 
una única fuente láser por una fila de láseres o de LEDs (uno por celda) 
y, usando el movimiento de la línea medir en las seis regiones o bien, 
parar el panel y usar una matriz de 106x6 láseres o LEDs y no desplazar 
nada.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Capítulo 4 
 
En este capítulo se exponen las conclusiones de todo el estudio. 
Las conclusiones relativas a los parámetros del sistema: 
- El láser rojo es el más estable a lo largo del tiempo. 
 
- El offset debe estar en torno al medio de la rampa de potencia.  
- La amplitud debe ser mayor que 0,1V. 
 
- La frecuencia debe estar entre 150Hz y 5kHz, aunque la 
frecuencia óptima está entre 500Hz y 1kHz. 
Las conclusiones en relación a los defectos encontrados: 
- Defectos en el láser P3 se detectan mejor con el láser azul. 
 
- Defectos en el láser P2 se detectan mejor con el láser verde. 
 
- Defectos en el láser P1 se detectan mejor con el láser rojo. 
 
- Defectos en el TCO se detectan mejor con el láser rojo 
también. 
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CHAPTER 1 
 
 
 
 
 
 
 
 
This first chapter is divided into six sections. First, about 
solar technologies and in particular thin film silicon 
technology. Secondly, about lasers used in their 
manufacture. In the third, the technique used in this study. 
Fourth is about other inspection methods. In the fifth, there 
is a theoretical description of the physical behavior of solar 
cells detailing all the parameters involved. The last one is 
the explanation of the aim of this study. 
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1. INTRODUCTION 
1.1. Thin film silicon technology 
In the last years, photovoltaic industry has increased a lot due to the demand 
of green energy. Among the different solar technologies, it´s good to 
differentiate some of the main important: 
 Thermal energy: Solar hot water systems use sunlight to heat water. 
 Concentrated solar power: these systems use mirrors or lenses to 
concentrate a large area of sunlight into a small area. Electrical 
power is produced when the concentrated light is converted to heat 
which drives a heat engine connected to an electrical generator. 
 Photovoltaics: the best known method for generating electric power 
by using solar cells to convert energy from the sun into a flow of 
electrons. Photovoltaic power generation employs solar panels 
composed of a number of solar cells containing a photovoltaic 
material. First classification of solar panels can be assisted in the 
photovoltaic material: 
o Monocrystalline silicon: the base material in the electronic 
industry. It´s a type of silicon in which the crystal lattice of 
the entire solid is continuous, uninterrupted (no grain 
boundaries) to its edges. 
o Polycrystalline silicon: material composed of multiple small 
silicon crystals. Polycrystalline cells can be recognized by a 
visible grain, a metal flake effect. 
o Cadmium telluride (CdTe): semiconductor layer designed to 
absorb and convert sunlight into electricity. 
o Copper indium gallium selenide (CIGS) : I-III-VI2 
semiconductor material composed of copper, indium, 
gallium and selenium. It´s a solid solution of copper indium 
selenide (often abbreviated CIS) and copper gallium 
selenide. 
o Amorphous silicon: non-crystalline allotropic form of silicon. 
It´s typically deposited in thin films at low temperatures on a 
variety of substrates. 
Nowadays, among the various existing technologies, most important is the 
crystalline silicon which dominates the market but the main drawback is the 
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production cost and then, thin film materials started up. In thin film silicon 
technology, the semiconductor material is about 500% less crystalline silicon. 
Furthermore, it can be deposited over cheaper and flexible substrates that 
allow the possibility of larger area deposition and mass production. 
This recent technology, thin film, deposits the semiconductor material over 
great areas and this leads to a great importance for the layers uniformity due 
to differences between cells which lead to electrical losses. Main defects are 
shunts between the cells and thickness variation along the module. This 
suggests the need for in-line quality tools to control these typical defects and 
react to solve the root cause.  
This study is performed with amorphous silicon photovoltaic modules 
produced in T-Solar. The small size (1.1m x 1.3m) was used to facilitate 
handling, but the idea is to export the results to the larger size as is the main 
production of this factory. 
T-Solar has specialized in the manufacture of amorphous thin film silicon 
photovoltaic modules with sizes up to 5.7m2 (2.2m x 2.6m). When compared 
with their smaller counterparts, very large area photovoltaic modules 
present a number of advantages which can be mainly summarized in lower 
cost per watt produced due to: 
 Better use of the module area due to higher ratio of active area (less 
dead zones). 
 Being more competitive in terms of production costs: less material 
and necessary components (conductive tape, junction boxes, etc.) 
and less production steps needed to reach the final product. 
  Despite the fact that smaller modules may be more desirable in 
some applications in which shape, weight, size and ease of handling 
plays a role, very large area modules are more suitable for large 
ground mounted systems, with a significant improvement for cost-
effective utility scale photovoltaic systems. Large area modules 
provide greater balance of system (BOS), as the scale economy 
provided by the module size enables the reduction of the cost for 
support structure, wiring and installation.  
On the other hand, one of the risks of very large modules production is 
associated with increased inhomogeneity of the solar cell properties over 
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such a large area that could lead to electrical losses due to mismatch 
thickness within individual cells. 
A detailed description of manufacture of the a-Si:H modules at the T-Solar 
production line: 
 
Fig. 1: Fabrication steps of the a-Si:H modules at T-Solar factory divided in front end and 
back end of the line. 
Summarizing, the process starts with a front glass 3.2mm thick with a 
transparent conductive oxide layer (TCO) on top. The incoming TCO is deeply 
related to the final efficiency of the module. 
After the line entry of the TCO, cleaning is performed to remove all particles. 
Once cleaned, glass and TCO enter a conditioning station and 25°C must be 
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achieved. Thereafter, there is the input in the first laser marking of TCO 
which electrically isolate the cells. The laser beam is impacting from the glass 
and passes through it before heating the TCO layer, this is the reason for 
using a 1064nm laser, as well as is well absorbed by the TCO but is nearly 
transparent to the glass. Laser source is a solid state diode pumped of 
Nd:YVO4 pulsed and Q-switched. Once warmed up, it will be evaporated or 
ablated and an exhaust captures the material to prevent deposition on the 
solar panel. There is a movement of the laser heads and the panel to 
increase the throughput. The temperature is very important to avoid waving 
problems on lasers. The temperature is also monitored during the entire 
process.  A secondary laser marks the TCO with the serial number of the 
module on a 2D barcode. 
A second cleaning is performed to remove all debris after laser scribing. 
Then, it´s ready to deposit the a-Si:H PIN structure by Plasma Enhanced 
Chemical Vapor Deposition (PECVD).  
Then, a second laser step is needed to mark the silicon. The laser source is 
the same as used in P1 but with SHG (second harmonic generation) because 
it requires a different wavelength (532nm) in order to be almost transparent 
to the glass and TCO and be absorbed by the silicon which heat up and 
explode. TCO is not removed in order to contact the following layers 
(metals). The temperature is controlled again. This step is the 
interconnection between cells. 
The back contact is sputtered on top of the latter. The large difference 
between the refractive index of the aluminum zinc oxide (AZO) and metals 
combined with the angle of incidence results in a total internal reflection. 
This improves the current generation. 
The third laser step marks silicon and metal. It will heat the silicon through 
the glass and the TCO, and will also remove the metal deposited on it. Again, 
is a 532nm laser to be as transparent as possible to the glass and TCO.  
The next steps include the soldering of bus lines, placing and  lamination of 
the polyvinyl butyral foil (PVB) and the back glass, connection box (JBox) 
installation, electrical characterization of the module in the inline solar 
simulator and finally, rail installation for fixing the field structure. 
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Inline monitoring tools are not detailed in the above description; are detailed 
below as they are very important to achieve better quality conditions, 
reducing time, materials and costs.  
The first one is the Wide Area Metrology tool from Brigthview; which gives 
information about the thickness and roughness of TCO and a-Si:H PIN 
structure simultaneously. The second one is the QASR from Applied 
Materials, with this tool, the isolation of the cells is improved and the open 
circuit voltage measured but current problems are not found. Finally, the 
solar simulator gives information about the behavior of the whole solar 
module (IV curve and electrical parameters) but gives no information about 
where the problem is if it appears. Therefore, a technique to verify complete 
solar module is a good complement to the solar simulator. 
The record efficiency of amorphous silicon cells is 10.1% obtained by 
Oerlikon Solar-Lab Neuchâtel and confirmed by NREL laboratories. Final 
efficiency depends on the Staebler-Wronski effect, manifested as a shift of 
the Fermi level to mid-gap accompanied by a reduction of the dark 
conductivity and the photoconductivity.  
Experimental data show that exposure of hydrogenated amorphous silicon to 
light increases the density of neutral silicon dangling bonds. A portion of 
these dangling bonds serves as a recombination center of the photo-
generated carriers.  
The main properties of materials that could play a role in the Staebler-
Wronski effect are the concentration of impurities, the hydrogen 
concentration and its complex bonding structure and the disorder in silicon 
network. 
Therefore, light exposure causes a reduction in the efficiency of a-Si:H solar 
modules. The rate of degradation during 1 sun continuous illumination is 
high at first. Initial efficiency can be recovered by annealing the device at 
150°C for several hours. The reversibility of the process indicates that is not 
related to the diffusion of ions or dopants.  
The light that is not absorbed by the silicon layer reaches the back contact. 
The light that is transmitted in the back contact is an optical loss and 
reflectance of the silicon/back contact interface should be maximized. This is 
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accomplished by adding a TCO layer between the n-aSi:H layer and the 
metal. AZO, NiV and Al layers form the back contact. 
AZO layer is rough and some of the light is scattered at the interface. The 
reflected light is back into the silicon and the front TCO/Si interface. Since 
the refractive index of the a-Si:H is greater than TCO, the fraction of light that 
reaches this interface at an angle greater than the critical angle is reflected 
again in the silicon layer.  Thus, light can pass several times through the 
silicon. 
1.2. Lasers in thin film silicon technology 
In thin film technology, lasers are typically used for marking or scribing. They 
are usually Q-switched solid state lasers diode pumped with not too much 
power, it´s not needed. 
The laser scribing removes narrow regions of material, for each one a 
determined wavelength is needed. Ideally, this scribe should not affect the 
rest of the layers. 
To scribe the front TCO, 1064nm wavelength is the most appropriate, 
because the absorption of low iron glass is very low for this wavelength. The 
laser used in T-Solar is a Rofin Powerline E 20PV. Laser power is up to 25W 
although in solar industry is used around 5-10W. The class type is a diode 
end-pumped Nd:YVO4.  
To scribe the silicon single junction or silicon and metal together, a green 
laser (532nm) has been chosen. The laser used in T-Solar is a Rofin Powerline 
E 10. Laser power is up to 10W although in solar industry less than 1W is 
needed. The lines must be perfectly parallel to first (P1) and this is achieved 
through optical positioning.  
With these three scribes, the interconnection between cells is defined and 
solar module is operational.  
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Fig. 2: Transversal view of an amorphous silicon solar cell. Metal are AZO, NiV and Al layers. 
Layers are not proportional to reality. 
The laser process is an ablation, which means that the laser heats the 
material upwards and it explodes removing, if necessary, the deposited layer 
on top. 
It´s very important to control the laser power density because the extra 
power above the ablation threshold will result in thermal damage to the 
adjacent area (creating defects and crystallization) but low energy below the 
ablation threshold result in poor isolation. Pulse overlap is also a factor 
because a large overlap can create flakes and no material is removed 
creating shortcuts.  
The three scribes determine much of the dead area in a solar module as it´s 
very important to be properly aligned. The area lost by all laser scribes is 
around 6%. Misalignment can cause a wide variation in the resistances of the 
module and it will not work because laser control is very important to ensure 
quality solar modules. 
Lasers advantages in front of other marking systems are that could be a very 
high selective process, producing less waste and the heat affected zone 
reduced.  
1.3. LBIC method 
LBIC (Light Beam Induced Current) is a contactless method to characterize 
defects in materials and devices. It sequentially illuminates small areas of a 
device and obtain a response proportional to the power of incident light, a 
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photocurrent mapping. In a solar module, this technique can be used to 
detect dead areas that are not producing current and are also consuming it. 
The main advantage is that the method is non-destructive and may be 
installed in-line to scan 100% of the modules. The main advantage over other 
non-destructive methods is the ability to characterize the photo response 
locally. 
Most used configurations for LBIC systems use a He-Ne laser (633nm) and 
sequentially illuminate the solar module using a scanner combined with a 
motorized table. To easily detect the electrical signal, a carrier is introduced 
into the light source with a chopper. It´s then necessary to use a lock-in 
amplifier.   
Critical parameters are the intensity of light and the beam diameter. Light 
intensity should be very stable over time to avoid false readings. Laser 
diameter and the number of points will determine the system resolution. 
Classically, in the LBIC technique spot sizes are below one micron, but it´s 
difficult to keep in an industrial environment because it requires more cycle 
time or more investment to use a secondary laser source. Also, solar 
modules analyzed are very large and to use the same cycle time as that used 
for the wafer size, it needs to increase the spot size or using more lasers and 
a more complex program. 
These dead areas detected with LBIC technique are usually due to layer 
defects. The starting point is a beam diameter of 8mm and then, all small 
defects below this amount are not detected. This could be improved with 
more scanners in order to keep a high throughput which makes this 
technique available in production lines. 
Therefore, with this LBIC technique at each measured point, measuring a 
signal (in μV) that corresponds to the voltage generated at that point of the 
solar module. 
The response at each point depends on several factors: 
 Beam intensity: must be the same at all points whether the 
compensation of the robot and the scanner are well calculated 
(separated by panel). 
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 Spectral response measurement point: it could change depending on 
the layer properties. Depends on the wavelength as the laser is a 
tunable one, tests are performed with the three available 
wavelengths. 
 Transmission: could change depending on the uniformity and 
roughness of the TCO layer. 
 Shadowing factor: can change to interfere with the solar module. 
1.4. Other inspection methods in thin film technology 
Depending on the parameters that must be monitored, there are a variety of 
destructive and also non-destructive techniques that can be used to analyze 
the thin film technology. 
1.4.1. Destructive methods 
These methods are expensive because it´s necessary to produce and 
destroy a sample in each measurement so, the main drawback is that 
they are not valid for in-line monitoring: 
1.4.1.1. Transmission Electron Microscopy (TEM) 
It´s a microscopy technique by which an electron beam is 
passed through an ultra-thin target, interacting with the 
target as it passes through. An image is formed from the 
interaction of the electrons transmitted through the 
target and the image is magnified and focused on an 
imaging device. 
1.4.1.2. Scanning Tunneling Microscope (STM)  
It´s an instrument for imaging surfaces at the atomic 
level. For an STM, good resolution is considered to be 
0.1nm the lateral resolution and 0.01nm depth 
resolution. With this resolution, individual atoms within 
materials are usually imaged and manipulated. The STM 
can be used not only in ultra-high vacuum but also in the 
air, water, and various other liquid or gas atmosphere, 
and temperatures ranging from near zero Kelvin to a few 
hundred degrees Celsius. 
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1.4.1.3. Atomic Force Microscope (AFM) 
It´s a very high-resolution type of scanning probe 
microscopy, with demonstrated resolution on the order 
of fractions of a nanometer, more than 1000 times 
better than the optical diffraction limit. The information 
is gathered by "feeling" the surface with a mechanical 
probe. Piezoelectric elements that facilitate tiny but 
accurate and precise electronic order to allow precise 
analysis. 
1.4.2. Non-destructive methods 
1.4.2.1. Solar simulator 
It´s a lighting device that provides approximate natural 
sunlight. It´s used in photovoltaics factories but not 
enough as it only offers a whole electrical performance 
of the solar module but does not indicate where the 
defects are. 
1.4.2.2. Infrared Thermography 
The solar module is excited with an external signal. To 
detect defects, the thermal radiation from the current 
signal (3-20μm) is analyzed by an IR camera. This is fast 
but limited by the CCD resolution. 
 
Fig. 3: IR image of a solar module taken by an ORCA-R2 camera (IR). 
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1.4.2.3. Photoluminescence 
A light source is used to generate the photocurrent in 
the solar module, which generates light emission. 
Typically the light source is monochromatic with a 
wavelength within the emission range of the 
semiconductor material. This is fast but limited by the 
CCD resolution. 
1.4.2.4. Electroluminescence 
Exciting the solar module with a current pulse will 
release light emissions in the IR spectral range (1.1eV = 
1.1μm). They are plotted using a NIR camera. This is 
quick but limited by the CCD resolution. The 
electroluminescence emission is affected by cell 
properties such as series and shunt resistances, 
diffusion length, surface recombination or light 
trapping efficiency. 
1.4.2.5. EBIC (Electron Beam Induced Current) 
It´s performed in a SEM (Scanning Electron Microscope). 
Using the internal electrical field in the depletion region 
to generate the current which is mapped.  
1.5. Typical defects 
Before detailing typical defects in solar panels of thin film technology, better 
detailing how a solar panel works and what are all the parameters involved. 
A solar cell is an electronic device that converts sunlight directly into 
electricity. Light shining on the solar cell produces both a current and a 
voltage to generate electric power. This process requires, first, a material in 
which the light absorption raises an electron to a higher energy state, and 
secondly, the movement of this higher energy electrons from the solar cell in 
an external circuit. In the panels used in the experiments, this power 
conversion is performed by a PIN junction amorphous silicon.  
Power generation in a solar cell, known as the light-generated current, 
involves two key processes. The first process is the absorption of incident 
photons to create electron-hole pairs, which are generated in the solar cell 
when the incident photon has energy greater than the band gap.  The second 
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process, the collection of these carriers by the PN junction prevents 
recombination by separating the electron and the hole by the action of the 
electric field in the PN junction. Therefore, the equivalent circuit will be as 
follows: 
 
Fig. 4: Equivalent circuit of a solar cell, where I is the cell current, V is the cell voltage, D is 
the diode which represents the PN junction and IL is the photo-generated current simulated 
as a current source. 
Quantum efficiency is the number of carriers collected by the solar cell 
divided by the number of photons of a given energy incident on the solar 
cell. Quantum efficiency can be given either as a function of wavelength or 
energy. The quantum efficiency of photons with energy below the band gap 
is zero.  
Quantum efficiency for most solar cells is reduced due to recombination 
effects. For example, as the blue light is absorbed very close to the surface, 
the high front surface recombination affects the blue portion of the quantum 
efficiency. Similarly, the green light is absorbed in the bulk of a solar cell and 
a low diffusion length reduces the quantum efficiency in the green part of 
the spectrum. This is the explanation of using a tunable laser in this 
experiment because not all wavelengths have the same behavior.  
The spectral response is conceptually similar to the quantum efficiency. 
Quantum efficiency gives the number of electrons output by the solar cell 
when compared with the number of photons incident on the device, 
whereas the spectral response is the ratio of the current generated by the 
solar cell to the power incident on the solar cell.  
The ideal spectral response is limited to longer wavelengths because of the 
inability of the semiconductor to absorb photons with energies below the 
band gap. However, the spectral response decreases in short wavelengths. 
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At these wavelengths, each photon gets a high energy and hence, the ratio of 
photons to power is reduced. Any energy above the energy band gap is not 
used by the solar cell and instead is going to heat the solar cell.   
Quantum efficiency can be determined from the spectral response by 
replacing the power of the light at a particular wavelength with the photon 
flux for that wavelength. This gives: 
   
  
  
   
Where SR is the spectral response, q is the electron charge, λ is the 
wavelength, h is the Planck´s constant, c is the light speed and QE is the 
quantum efficiency. 
The method commonly used to characterize the solar modules is the IV curve 
tracing. The IV curve of a solar cell is the superposition of the IV curve of the 
solar cell diode in the dark with the light-generated current. The equation is: 
       [   (
  
   
)   ] 
Where I is the net current flowing through the diode, IL is the light-generated 
current, I0 is the dark saturation current (diode leakage current density in 
absence of light), q is the electron charge, V is the applied voltage across the 
terminals of the diode, n is the ideality factor (a number between 1 and 2 
which typically increases as the current decreases), K is the Boltzmann´s 
constant and T is the temperature in K. 
The last -1 term in the above equation is usually not significant. The 
exponential term is usually >> 1 except for voltages below 100mV. Therefore, 
the equation can be approximated as: 
       [   (
  
   
)] 
 
 
From the IV curve, all the important parameters in a solar module can be 
obtained: 
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Fig. 5: IV curve of a solar module. There appear all the characteristic parameters developed 
below. Where ISC is the short circuit current, IMP is the current at the maximum power point, 
RSH is the shunt resistance, PMAX is the maximum power, VMP is the voltage at the maximum 
power point, VOC is the open circuit voltage and RS is the series resistance. 
1.5.1. Short circuit current 
The short circuit current is the current through the solar cell when the 
voltage across it is zero and is due to the generation and collection of light-
generated carriers. The short circuit current is the largest current that can be 
extracted from the solar panel. 
Typical defects related to the short circuit current are: 
- Misalignment of laser scribes, as it affects the active area of the solar 
cell. 
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Fig. 6: Example of laser misalignment. Narrower laser scribe is P2 and should be in 
the middle of P1 and P3 but it´s to the left of P3. 
- Any breakage, affecting also the active area.  
- TCO properties that do not fulfill quality specifications because 
optical losses increase and this lowers the generated current. 
- Low AZO thickness, low I layer thickness, low doping of P layer, low N 
layer thickness. All these defects affect the current, due to the 
collection probability of the solar module, which depends on the 
lifetime of the minority carrier in the base. 
1.5.2. Open circuit voltage 
The open circuit voltage is the maximum voltage available from a solar panel, 
and this occurs at zero current. It corresponds to the amount of forward bias 
on the solar cell due to the polarization of the junction with the light-
generated current. An equation for VOC is through the establishment of zero 
net current in the solar equation to give: 
    
   
 
  (
  
  
  ) 
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Where VOC is the open circuit voltage, IL is the light-generated current, I0 is 
the dark saturation current (diode leakage current density in absence of 
light), q is the electron charge, n is the ideality factor (a number between 1 
and 2 which typically increases as the current decreases), K is the 
Boltzmann´s constant and T is the temperature in K. 
The equation shows that VOC depends on the saturation current of the solar 
cell and the light-generated current. While ISC typically has a small variation, 
the key effect is the saturation current, as this may vary by several orders of 
magnitude. The saturation current, I0 depends on recombination. Open 
circuit voltage is then a measure of the amount of recombination in the 
device.  
Typical defects related to the open circuit voltage are: 
- High N layer thickness or high P layer doping because they increase 
recombination processes. 
- Laser not overlapped then the layer is not completely removed and 
the cells are not isolated. It´s like having one large cell.  
- Soldering problems with the connection box as it can drill the metal 
layers and make a short. 
- Small arcs during the metal deposition as they create shorts between 
cells and it´s like only one large cell.  
1.5.3. Fill Factor 
The fill factor is a parameter that, together with VOC and ISC, determines the 
maximum power from a solar module. The fill factor is defined as the ratio of 
the maximum power from the solar cell to the product of VOC and ISC: 
   
      
      
 
Where FF is the fill factor, VMP is the voltage at the maximum power point, 
IMP is the current at the maximum power point, VOC is the open circuit voltage 
and ISC is the short circuit current. 
Graphically, the fill factor is a measure of the "squareness" of the solar cell 
and is also the area of the largest rectangle that fits in the IV curve.  
The defects associated with fill factor are detailed in the resistances section. 
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1.5.4. Efficiency 
The efficiency is the parameter most commonly used to compare the 
performance of a solar cell to another. Efficiency is defined as the ratio of 
energy output of the solar panel to the input energy from the sun. The 
efficiency of a solar module is determined as the fraction of incident power 
that is converted into electricity and is defined as: 
  
        
   
 
Where η is the efficiency, VOC is the open circuit voltage, ISC is the short 
circuit current, FF is the fill factor, Pin is the input energy from the sun given 
by the standards as 1000W/m2 at 25°C and AM1.5 conditions. 
All defects are reflected in the efficiency value.  
1.5.5. Parasitic resistances 
Resistive effects in solar cells reduce the efficiency of the solar cell by the 
power dissipation in the resistors. Most common parasitic resistances are 
series resistance and shunt resistance. The inclusion of the series and shunt 
resistance change the solar cell model: 
 
Fig. 7: Equivalent circuit of a solar cell with resistances, where I is the cell current, V is the 
cell voltage, D is the diode which represents the PN junction, IL is the photo-generated 
current simulated as a current source, RSH is the shunt resistance and RS is the series 
resistance. 
 In most cases and for typical values of shunt and series resistance, the key 
impact of parasitic resistances is to reduce the fill factor. Both the magnitude 
and impact of the series and shunt resistances depend on the geometry of 
the solar cell at the operating point. 
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1.5.5.1. Series resistance 
The formula for the solar cell changes with the inclusion of the series 
resistance: 
          [
 (     )
   
] 
Where I is the net current flowing through the diode, IL is the light-generated 
current, I0 is the dark saturation current (diode leakage current density in 
absence of light), q is the electron charge, V is the applied voltage across the 
terminals of the diode, n is the ideality factor (a number between 1 and 2 
which typically increases as the current decreases), K is the Boltzmann´s 
constant, T is the temperature in K and RS is the series resistance. 
Series resistance does not affect the solar cell in open circuit voltage and the 
overall current flow through the solar cell, and thus through the series 
resistance is zero. However, near the open circuit voltage, the IV curve is 
strongly affected by the series resistance. A simple method of estimating the 
series resistance of a solar panel is to find the slope of the IV curve at the 
open circuit voltage point. 
Typical defects related to the series resistance are: 
- Problems in the second laser scribe, affecting the current flow 
through the contacts. 
- Dirt or oxidation of silicon layers, as it affects the contact resistance 
between the metal contact and the silicon itself. 
- Not correct resistance of the top and rear metal contacts.  
The main impact of series resistance is to lower the fill factor, although 
excessively high values may also reduce the short circuit current. 
1.5.5.2. Shunt resistance 
The formula for the solar cell changes with the inclusion of the shunt 
resistance: 
          (
  
   
)  
 
   
 
Where I is the net current flowing through the diode, IL is the light-generated 
current, I0 is the dark saturation current (diode leakage current density in 
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absence of light), q is the electron charge, V is the applied voltage across the 
terminals of the diode, n is the ideality factor (a number between 1 and 2 
which typically increases as the current decreases), K is the Boltzmann´s 
constant, T is the temperature in K and RSH is the shunt resistance. 
An estimate for the value of the shunt resistance of a solar cell can be 
determined from the slope of the IV curve near the short circuit current 
point. 
The common defect related to shunt resistance is the presence of defects 
during deposition as they provide an alternate current path for the light-
generated current. It reduces the amount of current flowing through the 
junction and reduces the voltage of the solar panel.  
In the presence of both series and shunt resistances, the solar cell formula is: 
          [
 (     )
   
]  
     
   
 
1.6. Aim of this study 
The aim is the characterization of thin film solar modules in terms of active 
areas.  
Cost reduction is the main objective of the whole photovoltaic industry. The 
expansion of the photovoltaic installed capacity depends on the continuity of 
the aggressive learning curve of photovoltaic technology. The quality control 
of module efficiency is one of the main drivers of this development, but 
issues such as material availability, manufacture and area cost is also highly 
relevant. 
In the solar factory in Ourense, there are different quality controls detailed in 
the first section, but one is missing: how to know where is really the problem 
without wasting much time. Therefore, this is the idea of the study, the 
development of an inline monitoring tool that might be able to be installed in 
the factory and work with the required throughput. 
With this study the bases are to be found: What are the best parameters for 
this type of solar modules and which kind of defects are able to detect. 
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CHAPTER 2 
 
 
 
 
 
 
 
 
 
This chapter contains an explanation of all the components 
used in the study of the solar modules and how they are 
assembled: robot, scanner, laser, lock-in amplifier and wave 
generator. There are also the details of the three 
wavelengths characterization and a frequency experiment 
with them.  
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2. SET UP 
Initially there were some ideas for the system configuration: 
1. Keep the laser source in a fixed position and build a system that 
moves the solar panel, or otherwise, the panel is fixed and move the 
laser source or even a mixture of both mobile panel and laser source.  
 
2. Looking at the state of the art, is more commonly used the He-Ne 
laser (633nm) or diode lasers. 
 
 
3. Regarding how to modulate the laser, there are several options. The 
more generalized method is a shutter. Other possibilities exist as 
modulation of the laser current so, the amplitude is modulated or 
use an acousto-optic modulator so, with the application of  a 
radiofrequency signal, the crystal  creates a diffraction pattern of 
variable frequency (depending on the radiofrequency signal) so, it´s 
possible to modulate amplitude and first order diffracted frequency. 
 
4. There are a variety of programming languages for the final program 
(C#, Java, Labview, Visual Basic….). 
The choice of each point was taken as a group and not individually. First 
requirement is the size and weight of the solar panels used (1.1x1.3m 
and 30kg), which leads to the solution of keep it fixed and moving laser 
illumination. In connection with this movement, there were two options: 
 Use an industrial robot to cover the points of the solar panel 
with the disadvantage of large size and very high repeatability 
(not easy to be compatible). 
 
 Use a scanner to cover the solar panel, the drawback is that the 
scanner should be far away from the panel and should have a 
very high resolution.  
Again, the solution is a combination of both, using an industrial robot with a 
scanner on it. The scanner will scan a small area of the solar panel and the 
robot moves to the next area. This option sets some characteristics of the 
laser source and the scanner because the maximum weight manageable by 
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the robot arm is 5kg. Therefore, the scanner must be adapted to the 
maximum dimensions and weight, and laser was decided to be fiber guided 
in order to keep away the source from the robot and improved optical 
alignment. 
The choice of the laser source was a laser of three different wavelengths in 
order to evaluate how is the response of the solar panel in front of each of 
them: red (655nm), green (532nm) and blue (473nm).  
For modulation, all possibilities were analyzed: 
 Mechanical chopper: to the output of the laser source, a chopper 
must be installed and the modulated light enters the fiber. The 
disadvantages are the system complexity and only square 
modulation is possible. 
 
 Acousto-optic modulator: is an efficient method with a variety of 
shutter speeds but it was necessary more space and electronics 
control. 
 
 
 Current modulation: this is the easiest to implement and very 
efficient. It requires the laser source should be able to modulate the 
current and fiber coupled.  
To modulate the supplied current of the laser, it was decided to use a wave 
generator capable of producing any type of signal: square, sinusoidal, 
triangular… it has various channels to produce the reference signal for the 
lock-in to isolate the background noise.  
Below are all the system elements: 
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2.1. Robot 
It´s a FANUC robot with an electrical cabinet and a teach pendant. 
 
Fig. 8: Picture of the FANUC Robot connected to the electrical cabinet and the teach 
pendant to program the movements. 
 
Here appear the main characteristics of the FANUC LR MATE 200iC/5L robot: 
Model 
LR MATE 
200iC/5L 
Controlled axes 6 
Controllers R-30iA Mate 
Max. load capacity at wrist [kg] 5 
Repeatability [mm] 0.03 
Mechanical weight [kg] 29 
Reach [mm] 892 
Motion range [°] 
J1 340/360 
J2 230 
J3 373 
J4 380 
J5 240 
J6 720 
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Maximum speed [°/s] 
J1 270 
J2 270 
J3 270 
J4 450 
J5 450 
J6 720 
Moment [Nm/kgm²] 
J4 11.9/0.3 
J5 11.9/0.3 
J6 6.7/0.1 
IP rating IP67 
Table 1: Main characteristics of the FANUC robot: maximum load, repeatability, weight, 
reach, motion range, maximum speed and moment. 
2.2. Scanner 
The selected scanner is the ScanCube10 with silver coated mirrors from 
SCANLAB. This scanner has an aperture of 10mm, the beam displacement is 
12.54mm, positioning speed of 10m/s and is controlled by a PC card (RTC4 
model). The total weight is 1.9kg. More optics are available according to the 
wavelength in order to make wider the beam. 
 
Fig. 9: On the left, an image of the PC card. On the right, a picture of the employed scanner, 
the ScanCube10 from SCANLAB.  
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2.3. Laser 
The laser source is a RGB (CNI laser RGB-655) to test different wavelengths 
within the absorption spectrum of the solar panels. The main features are: 
- Wavelengths: 655nm (red), 532nm (green) and 473nm (blue) 
- Maximum output at all wavelengths: 250mW 
- Power stability: 5% 
- Beam divergence: <5mrad°  
- Possibility of digital modulation between 0 and 30kHz 
- Fiber guided (1000μm width and 2m length) 
- SMA connector to the scanner 
 
Fig. 10: Picture of the three laser sources: red, green and blue. All laser sources are 
connected to the same cavity and share the same fiber. 
2.4. Lock-in amplifier 
The lock-in amplifier is the model 7270DSP from Signal Recovery (AMETEK). 
It´s possible to use current and voltage signals. There are two inputs capable 
of measuring three different modes: channel A, channel B or differential 
mode (A-B). Operating frequency range of 1mHz to 250kHz, using as 
reference the internal oscillator or external synchronization. There are 
different interfaces to the PC: USB, Ethernet and RS232. 
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Fig. 11: Image of the lock-in amplifier 7270DSP from AMETEK.  
2.5. Wave generator 
The arbitrary waveform generator is the model 33522A from Agilent with 
bandwidth of 30MHz for sinusoidal and square signals and pulses. It´s 
possible to generate 16 predefined waveforms. With the 16-bit sampling is 
possible to create high resolution waves. This model has two independent or 
coupled channels. The harmonic distortion is less than 0.04% and the jitter of 
less than 40ps. 
 
Fig. 12: Picture of the arbitrary waveform generator 33522A from Agilent.  
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Now, here is an explanation of how the different instruments are adapted to 
the whole system. First, the system constructed to withstand the robot and 
the solar panel. 
The cart is done in order to keep the robot in a stable position to move to the 
maximum speed at any place without causing troubles. Due to the weight 
and inertia of the robot, some counterweights are installed. 
The cart comes with wheels to move easily and an anchoraging system once 
decided the position. Here is an initial design: 
 
Fig. 13: Picture of the initial design of the cart with a base for the robot and the 
counterweights on the opposite sides.  
The next step is to build the system to fix the solar panel with the back rails 
and the idea is to have the system anchored to the cart to have always the 
same distance. The solar panel is vertical and parallel to the YZ plane of the 
robot.  
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Some adjustment mechanisms were included to be always perpendicular as 
shown in the following picture: 
 
Fig. 14: Image of the cart with the robot at the base and the solar panel in front of it. The 
axes are indicated. 
The next system to build was to integrate the scanner on the robot arm, it 
was necessary to build a mechanical piece with two purposes: to join the 
scanner to the robot in the correct position and support the optical system 
to adapt the beam at the scanner input.  
Development of a LBIC system adapted to the photovoltaic industry quality 
 
 33 
 
Fig. 15: Picture of the system built to attach the scanner on the robot arm. On the left, the 
picture with the scanner and on the right, the picture with the robot wrist.  
Another problem is how to adapt the voltage generated by the panel to the 
lock-in amplifier. When a high resistance is connected to the poles of the 
panel, the measurement point is located near the open circuit voltage point 
(approximately 90V in this case) and if the resistance is too low, the 
measurement is near the short circuit point and the voltage is very low (but 
high current).  
The lock-in amplifier could be configured in different ways: direct voltage 
measurement, direct current measurement (through two fixed resistors) or 
differential. It was decided to measure the voltage directly, but the other 
two possibilities are still open. However, the maximum input voltage is 12V 
so voltage coming from the solar panel is excessive. Here is an electrical 
schematic of the voltage adapter: 
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Fig. 16: Wiring diagram of the voltage adapter. R1 to R10 are the different resistors between 
0.5 and 200Ω. CH1 and CH2 are the different channels. 
The purpose is to reduce the voltage by using a low resistance such that the 
current increases and decreases the voltage. The adapter has ten different 
resistors between 0.5 and 200Ω, is possible to use one or more parallel 
connected. 
There is also a switch to change among off or the two channels. For use with 
the lock-in amplifier in differential mode is best to use channel 2, because 
the system is screened. The channel 1 was designed for the lock-in amplifier 
in direct mode or to easily check with a multimeter that the 12V are not 
overtaken.  
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Here is a picture of the adapter: 
 
Fig. 17: Image of the voltage adapter with the ten resistors and the two channels.  
The following image shows in detail how the connection between the solar 
panel and the lock-in amplifier is: 
 
Fig. 18: Connections made between the solar panel and the lock-in amplifier where lock-in 
amplifier is connected to channel 2 of the voltage adapter. 
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The optical system comprises a converging lens with 50mm focal length (to 
focus the beam) and a diaphragm (to eliminate diffraction). There is the 
possibility of adding more lenses in order to change the spot size.  
The mechanism can eliminate alignment imperfections with a fine tuning to 
get a good perpendicularity between the laser beam and the scanner.   
 
Fig. 19: Optical system before the scanner with a converging lens and a diaphragm.  
Another point was how to adapt the signals between the robot and the 
computer. The programming language of FANUC robots called TPE has a 
structure similar to assembly language and is thus not possible to develop a 
computer program to control the robot´s movements. The decision was to 
program the robot to perform cyclic movements and controlling the 
execution with the I/O signals from the controller.  
The first idea was using a data acquisition card to generate these signals but 
the robot signals (0 to 24V) are not compatible with the TTL (0 to 5V) 
generated by the data acquisition card. The solution was a circuit that 
changes the signal from 5V to 24V and vice versa. To increase the voltage, an 
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optocoupler was used and to reduce it, a voltage divider. This is a wiring 
diagram: 
 
Fig. 20: Electrical scheme of the adaptor of TTL signals (computer) to 0-24V (robot). 
The computer must control the different instruments of the system: 
1. Connection to the arbitrary waveform generator: the system can 
communicate via USB, GPIB or TCP/IP. The latter is used in the 
system. This equipment controls the activation ON/OFF of the laser.  
2. Connection to the lock-in amplifier: the system can communicate via 
USB, RS232 and TCP/IP. In this case, is connected by USB.  
3. Connection to the robot and the scanner: the scanner has a control 
card installed in the computer through a PCI bus interface. This card 
has an I/O port to communicate to lasers. Finally, this card with the 
voltage adapter is used and the data acquisition card dismissed.  
Once determined the instruments and connections, the installation began. In 
the image below, the scheme is shown: 
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Fig. 21: Scheme of all elements and the connections among them: solar panel, variable 
resistor, lock-in amplifier, wave generator, laser, scanner and robot. 
Here is how the system works: the laser generates a beam which is fiber 
guided to the optical conditioner. Laser power is modulated in amplitude by 
the arbitrary waveform generator, applying a voltage signal with a waveform 
configured through software control, in the laser input.  
The modulated beam enters the optical conditioner where the direction is 
corrected so that the beam is perpendicular to the scanner. The scanner 
reflects the beam to a particular area of the solar panel to excite a portion of 
a cell.  
The cell is excited by the laser beam and the background light, generating an 
electrical signal. This signal passes through the whole panel to the JBox 
connection, after passing through resistors, the lock-in amplifier receiving 
the signal. To discriminate which part corresponds to the laser beam or 
noise, the lock-in amplifier uses the PSD (Phase Sensitive Detection). 
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Basically, it takes the input signal and multiples it by the reference signal 
(modulation wave received from the wave generator for a TTL signal and 
low-pass filtered). 
Here is an image of the system: 
 
Fig. 22: Picture of the system. The elements are: 1. Cart, 2. Robot, 3. Robot controller, 4. 
Teach pendant, 5. Computer, 6. Panel, 7. Laser source, 8. Laser drivers, 9. Power meter, 10. 
Lock-in amplifier, 11. Scanner, 12. Optical System and 13. Fiber. 
2.6. Laser source characterization 
Before performing the first experiments, the main action is the 
characterization of the laser source. Since the idea is to compare between 
different wavelengths, the three laser sources must be characterized.  
2.6.1. Blue laser 
First laser to evaluate will be the blue (473nm). For laser power, a power 
meter from Newport was used (Model 1918-C), the main features are: 
- Portability 
- Accuracy ±0.2% in CW and ±1% peak to peak 
- Resolution of 0.0004 
- Sampling rate of 250kHz 
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Fig. 23: Image of the portable power meter from Newport.  
First, changing the voltage between 0 and 5V (limited by the wave 
generator), is possible to plot the laser power measured with the power 
meter and the current consumed by the laser. A graph as it is obtained: 
 
Fig. 24: PV curve of the blue laser. Voltage ranges from 0 to 5V and the maximum power 
obtained is almost 14mW. The laser emission threshold is about 2V. 
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It shows that 2V is the laser emission threshold. Therefore, the laser power 
for exciting the solar panel is between 2 and 12mW. But it´s very difficult to 
find a stable range to work with this wavelength. 
Plotting also the current consumed by the laser in comparison with the 
supply voltage: 
 
Fig. 25: IV curve of the blue laser. As the voltage is increasing until 5V, the current is 
increasing 0.0286A per Volt. The saturation current is 0.1448A. 
The saturation voltage is approximately 4.5V. This voltage corresponds to a 
current of 0.1448A and a power of 12.07mW.  
The correlation between voltage and current is almost linear with a 
coefficient of 0.9924 until 4.5V where the saturation starts. 
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Finally, plotting the current consumed by the laser and the laser power: 
 
Fig. 26: PI curve of the blue laser. About 0.06A starts the laser emission and the power 
increases when the current increases. 
Another measurement of the laser power versus the supply voltage, but 
more detailed in the range of 2 to 5V that is the range of the laser emission. 
The deviation in each measurement is indicated: 
 
Fig. 27: PV curve of the blue laser in the laser emission area, from 2 to 5V, with a step of 
0.01V instead of 0.05V used in the previous graphs. 
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The next step was to measure five times over the range of 0 to 5V, but with 
less resolution to see repeatability. Defining repeatability as: 
  
 
 ̅
 
Where σ is the standard deviation and  ̅ is the average of the five measured 
power. Repeatability varies between 0.8 and 0.97 depending on the voltage. 
The best repeatability is obtained in the saturation area. 
 
Fig. 28: PV curves of the blue laser to check repeatability. In the saturation area, 
repeatability is about 0.97. 
The latter characterization was to test the stability of power over time, for 
five hours while keeping the voltage at 3.7V. At the beginning, power was 
lower and then it grew. It was not completely stable even after 10000 
seconds. There was a 6.7% variation over the evaluation time. 
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Fig. 29: Power stability of the blue laser over the five hours of the test. 
Looking at the current consumed by the laser, the stability after one hour is 
almost complete, only a 0.8% of variation. 
 
Fig. 30: Current stability of the blue laser over the five hours of the test. 
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2.6.2. Green laser 
The second characterization was the green laser (532nm).  First, changing the 
supply voltage between 0 and 5V (limited by the wave generator), is possible 
to plot the laser power measured with the power meter and the current 
consumed by the laser. A graph as it is obtained: 
 
Fig. 31: PV curve of the green laser. Voltage ranges from 0 to 5V and the maximum power 
obtained is about 12mW. The laser emission threshold is about 2V. 
Around 2V is the laser emission threshold too. Therefore, the laser power for 
exciting the solar panel is between 2 and 12mW.  
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Plotting also the current consumed by the laser in comparison with the 
voltage: 
 
Fig. 32: IV curve of the green laser. As the voltage is increasing until 4.3V, the current is 
increasing 0.029A per Volt. The saturation current is 0.1267A. 
The saturation voltage is approximately 4.3V. This voltage corresponds to a 
current of 0.1267A and a power of 12.3mW.  
The correlation between voltage and current is almost linear with a 
coefficient of 0.98 until 4.3V where the saturation starts. 
Finally, plotting the current consumed by the laser and the laser power: 
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Fig. 33: PI curve of the green laser. About 0.03A starts the laser emission and the power 
increases when the current increases. 
Another measurement of the laser power versus the supply voltage, but 
more detailed in the range of 2 to 5V that is the range of the laser emission. 
The deviation in each measurement is indicated: 
 
Fig. 34: PV curve of the green laser in the laser emission area, from 2 to 5V, with a step of 
0.01V instead of 0.05V used in the previous graphs. 
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The next step was to measure five times over the range of 0 to 5V, but with 
less resolution to see repeatability. Defining repeatability as: 
  
 
 ̅
 
Where σ is the standard deviation and  ̅ is the average of the five measured 
power. Repeatability varies between 0.92 and 0.99 depending on the 
voltage. The best repeatability is obtained in the saturation area. 
 
Fig. 35: PV curves of the green laser to check repeatability.  
The latter characterization was to test the stability of power over time, for 
five hours while keeping the voltage at 4V. At the beginning, power was 
lower and then it grew. It was not completely stable even after 10000 
seconds. There was a 5.5% variation over the evaluation time. After one 
hour, the variation is only 2.4%. 
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Fig. 36: Power stability of the green laser over the five hours of the test. 
Looking at the current consumed by the laser, the stability after one hour is 
almost complete, only a 0.2% of variation, even better than the blue laser. 
 
Fig. 37: Current stability of the green laser over the five hours of the test. 
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2.6.3. Red laser 
The last characterization was the red laser (655nm).  First, changing the 
supply voltage between 0 and 5V (limited by the wave generator), is possible 
to plot the laser power measured with the power meter and the current 
consumed by the laser. A graph as it is obtained: 
 
Fig. 38: PV curve of the red laser. Voltage ranges from 0 to 5V and the maximum power 
obtained is about 15mW. The laser emission threshold is almost 4V. 
Around 3.7V is the laser emission threshold, later than the other two lasers. 
The linear range is very stable so, it seems it´s the better laser to work with. 
Therefore, the laser power for exciting the solar panel is between 2 and 
15mW.  
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Plotting also the current consumed by the laser in comparison with the 
voltage: 
 
Fig. 39: IV curve of the red laser. Between 2 and 4.5V, the current is increasing 0.0348A per 
Volt. The saturation current is 0.085A. 
The saturation voltage is approximately 4.5V. This voltage corresponds to a 
current of 0.085A and a power of 15.2mW.  
The correlation between voltage and current is almost linear with a 
coefficient of 0.9774 until 4.5V where the saturation starts. 
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Finally, plotting the current consumed by the laser and the laser power: 
 
Fig. 40: PI curve of the red laser. About 0.06A starts the laser emission and the power 
increases when the current increases. 
Another measurement of the laser power versus the supply voltage, but 
more detailed in the range of 2 to 5V that is the range of the laser emission. 
The deviation in each measurement is indicated: 
 
Fig. 41: PV curve of the red laser in the laser emission area, from 2 to 5V, with a step of 
0.01V instead of 0.05V used in the previous graphs. 
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The next step was to measure five times over the range of 0 to 5V, but with 
less resolution to see repeatability. Defining repeatability as: 
  
 
 ̅
 
Where σ is the standard deviation and  ̅ is the average of the five measured 
power. Repeatability varies between 0.91 and 0.99 depending on the 
voltage. The best repeatability is obtained in the saturation area. 
 
Fig. 42: PV curves of the red laser to check repeatability. 
The latter characterization was to test the stability of power over time, for 
five hours while keeping the voltage at 4.1V. At the beginning, power was 
lower and then it grew. It was not completely stable even after 10000 
seconds. There was a 2.36% variation over the evaluation time so that is the 
most stable. 
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Fig. 43: Power stability of the red laser over the five hours of the test. 
Looking at the current consumed by the laser, stability after one hour is 
almost complete, only a 0.62% of variation. 
 
Fig. 44: Current stability of the red laser. 
In conclusion, in relation to the stability, repeatability and linear working 
region, the red laser is the best to start with it.  
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2.7. Modulation frequency test 
After all these characterizations, an experiment was carried out by varying 
the modulation frequency to check what frequencies are well received by 
the solar panel. For this experiment, the robot was fixed and the scanner was 
removed because all tests were conducted in the same point. A chopper was 
installed after the optical system with different disks to generate the 
frequencies.   
The spot size is adapted to pass entirely into the slots of the disk using two 
lenses of focal length 25.4mm and 35mm.  
 
Fig. 45: Image of the optical system. The light coming from the fiber, passes through the lens 
and finally into the slots of the disk. 
A Labview program was made to set the instruments and save the data. 
There is a main menu where the instrument control is and three secondary 
menus with the initial configurations.  
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Here is the main menu: 
 
Fig. 46: Main menu window with the access to configure the waveform generator, chopper 
and lock-in amplifier.  
In this menu, it´s possible to configure the individual instruments, the waiting 
time before the measurement, the initial frequency and the laser voltage. A 
*.txt file must be entered to save the data.  
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Here is the submenu of the wave generator: 
 
Fig. 47: Window of the wave generator menu. There are two channels: on the channel 1, it´s 
possible to change the type of wave and the DC offset and on the channel 2, it´s possible to 
change the type and frequency of the wave. 
The default setting is DC wave and 2V offset for the channel 1 and square 
wave and minimum frequency for channel 2.  
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Submenu for the optical chopper: 
 
Fig. 48: Window of the optical chopper menu. Here is possible to choose between internal 
or external reference and to check all parameters of the optical chopper. 
The disks with 10 and 100 slots were used for a wide range of frequencies. 
With the 10 slots disk, it´s possible to scan from 20Hz to 1kHz and with the 
100 slots disk, from 250Hz to 10kHz.  
The configuration of the optical chopper can only be done through the COM 
port and to confirm, press OK after receiving the response.  
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Secondary menu for the lock-in amplifier: 
 
Fig. 49: Window of the lock-in amplifier menu. Here it´s possible to set the input mode 
(differential or direct), input type (FET or bipolar), internal parameters (filters, gain…), input 
channel, sensitivity and time constant of integration. For the last two parameters, is 
possible to adjust them manually. There are three LED indicators of failures or overload: 
input overload, reference unlock and output overload. 
There the input and the input channel (TTL rear panel) must be selected. The 
sensitivity and gain can be self-established.  
These are the results: 
Development of a LBIC system adapted to the photovoltaic industry quality 
 
 60 
2.7.1. Blue laser 
The frequencies from 20 to 900Hz were analyzed with the 10 slots disk and 
the frequencies from 250Hz to 10kHz with the 100 slots disk. Different 
voltages were tested (2, 2.5, 3, 3.5, 4 and 4.5V). This is the result with the 10 
slots disk: 
 
Fig. 50: Graph of the measurements taken at different voltages (2-4.5V) varying the 
frequency (20-900Hz) for the blue laser.  
The voltage received from the panel increases as the voltage of the laser 
source increases too. The voltage generated by the panel increases also 
when the frequency increases. Up to 150Hz approximately, there is no 
difference between voltages and maybe the reason is that the panel is not 
responding to these frequencies. About 4V is the saturation voltage because 
4.5V gives the same results.  
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This is the result with the 100 slots disk, reaching higher frequencies: 
 
Fig. 51: Graph of the measurements taken at different voltages (2-4.5V) varying the 
frequency (250-6000Hz) for the blue laser.  
Up to 5kHz, the result is similar to the 10 slots disk, the difference is that 
3.5V is located in the saturation area. But for higher frequencies, the result is 
completely random, there may be two reasons, maybe the panel is not 
responding to these frequencies or maybe the system could not handle such 
high frequencies.   
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2.7.2. Green laser 
Repeating the test with the 10 slots disk but only 2, 3 and 4V: 
 
Fig. 52: Graph of the measurements taken at different voltages (2, 3, 4V) varying the 
frequency (20-900Hz) for the green laser.  
The result is the same, the panel signal is increased when the voltage of the 
laser source increases.  
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For the 100 slots disk and only 2, 3 and 4V: 
 
Fig. 53: graph of the measurements taken at different voltages (2, 3, 4V) varying the 
frequency (250-6000Hz) for the green laser.  
The result is again the same, good correlation until 5kHz and then no 
correlation at all.  
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2.7.3. Red laser 
Repeat the test for the 10 slots disk but with 3, 3.5, 4 and 4.5V. The tests 
performed at 2 and 2.5V give very low values because there was light 
dispersion and it was decided to include a diaphragm and the laser power 
decreased: 
 
Fig. 54: Graph of the measurements taken at different voltages (3-4.5V) varying the 
frequency (20-900Hz) for the red laser. 
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The result is the same but in this case, there is no saturation as the power is 
lower.  For the 100 slots disk and 3, 3.5, 4 and 4.5V: 
 
Fig. 55: Graph of the measurements taken at different voltages (3-4.5V) varying the 
frequency (250-6000Hz) for the red laser.  
Again the saturation is not reached. Until 4V the result is very low. Above 
6kHz, the result is nevertheless random. 
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CHAPTER 3 
 
 
 
 
 
 
 
 
 
This chapter shows all measurements performed in seven 
solar panels. On one hand, to change the panel and 
therefore the defects and on the other side, vary the 
parameters. Here are all the mappings and the results 
extracted. There is also a comparison with another quality 
method for all the samples. 
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3. EXPERIMENTS 
3.1. Panel number 1 
The first experiment was to characterize a module with a starting point: 
- Distance between the module and the scanner of 473,41mm 
- First spot at 6mm from the edge 
- Distance between spots of 8mm  
- 26 scanning points per cell  
- Sinusoidal wave 
- Amplitude of 1V 
- Wave offset of 4V 
- Frequency of 30kHz 
- Load resistance 
- Resolution of 87mm 
- Red laser 
For this purpose, the defects were simulated covering some areas with a 
circular shape. Here is the mapping obtained:  
 
Fig. 56: First mapping obtained simulating defects in a ring shape throughout the solar panel 
of 1.1x1.3m. The Z-axis is the value of the signal in μV. 
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All the circles shadowed are visible so, the experiment is working properly, 
the dead area is detected.  
 
Fig. 57: Signal measured against the position. Where the signal is lower, due to the presence 
of a ring that interrupts the light, no electricity is generated. 
Along the length of the module, six regions can be differentiated which 
correspond to the areas separated by the isolation lasers . 
 
Fig. 58: Signal measured against the position. The six areas are isolated and each one shows 
a different behavior.  
This isolation laser scribes are made in order to avoid hot spot problems. Hot 
spot heating occurs when there is at least one low current solar cell. If the 
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operating current of the overall series string approximates the short-circuit 
current of the bad cell, overall current is limited by the poor cell. The 
additional current produced by the good cells then polarizes good solar cells. 
If the series string is short circuited, then the forward bias across all of these 
cells reverse biases the shaded cell. Hot spot heating occurs when a large 
number of series connected cells cause a large reverse bias across the 
shaded cell, which leads to high power dissipation in the poor cell. Essentially 
all generating capacity of all the good cells is dissipated in the poor cell. The 
enormous power dissipation occurring in a small area leads to local 
overheating, or hot spots, which in turn leads to destructive effects, such as 
cell or glass cracking, melting or degradation of the solar cell. 
So the idea is to change all parameters to find the best configuration. The 
spot size was set to be easier to 7mm and varying the frequency and the 
laser wavelength in order to cover the full possible spectrum of the silicon 
absorption. 
 
Fig. 59: Graph of the absorption coefficient of amorphous and crystalline silicon. Absorption 
spectrum of amorphous silicon goes until 850nm and crystalline silicon until 1100nm. 
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3.2. Panel number 2 
A second panel was installed. It´s available the IV curve and an IR image 
obtained by connecting the panel and applying 3A for about 20s. For the IV 
curve, is compared with a panel of the highest quality used as reference: 
 
Fig. 60: IV curve of the panel number 2. In blue appears the IV curve of the panel number 2 
and in red of the reference panel. There is a difference in FF and Voc. 
This is the IR image taken with the Hamamatsu Orca-R2, in white appear hot 
cells and in black the cold: 
 
Fig. 61: IR image of the panel number 2. There are some black cells which are colder than 
the other. 
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Having this image is possible to compare this technique and the LBIC. First 
trails were to consider what is the best illumination without worrying about 
own parameters. The first trial was with ambient light off and the second 
with the light turned on this is the result: 
a) 
 
b) 
 
Fig. 62: a) Scanning of the solar module with the background light turned off. b) Scanning of 
the solar module with the background light turned on. In blue appear the cells with less 
voltage and in green with high voltage 
The results are very similar to each other with the same cells highlighted, but 
some of them are in one image higher than the average and in the other 
below the average. 
The next step is to compare the IR image and the LBIC image. Black cells that 
appear in the IR image are also highlighted in the LBIC image but with some 
differences. Plotting the LBIC image cell by cell with a color scale and 
comparing it with IR image: 
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Fig. 63: On the left appears the IR image and on the right the color scale of the signal 
detected in each cell with the LBIC.   
It´s easy to see that the three cells below the average in LBIC image are black 
in the IR image, but the other black cells in IR image are higher than the 
average in the LBIC technique. In the first sector, more cells are highlighted 
in the LBIC than in the IR image. In the next mappings should be checked if 
this behavior continues and also find an explanation to it. Next step was to 
try to install some lights in order to increase the value obtained from the 
panel to easily filter the noise signal. Here are some of the results: 
a) b) 
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c) 
 
Fig. 64: Scanning of the solar module with some lights illuminating. All images are with lights 
that illuminate different areas. 
It was easy to conclude that these lights are not uniform on the panel and 
thus the mappings obtained do not represent the true value of the measured 
signal, if the cell is defective or not, just the lighting in each area. Therefore, 
there are two options: use the background or perform a uniformity 
measurement in order to correct every measurement. It was decided to start 
the parameter variation only with the background light to not influence the 
result. 
Before analyzing all tests, must be defined what is called a cell of good or bad 
quality. A cell of good quality is one that is greater than the average plus the 
standard deviation. A bad quality cell is one that is less than the average 
minus the typical deviation. The first parameters were: 
- Square signal 
- Amplitude: 2.25V 
- Offset: 2.25V 
- Modulation frequency: 791Hz 
- Laser wavelength: 655nm 
- Distance between measurements: 5mm 
- Distance to the panel: 487mm 
- Points per cell: 21 
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a) 
 
b) 
 
0.5  
Fig. 65: a) Scale color of the first test on the panel number 2. b) Same parameters but using 
the green laser.  
In image a), it´s easy to see that the two cells of bad quality (red color) are 
still in the same place and the cells of good quality (green color) are still 
correlated to the IR image. The best cell is nearly three times better than the 
average and the worst cell is only 0.2 times the average value. In image b), 
the correlation with the IR image is confirmed. Cells of good quality show the 
same behavior with the red laser as in the IR image, but the cells of bad 
quality with the green laser are even worse (0.05 times the average). 
With all the data up to this point, is clear that the behavior within cells is very 
stable; cells of good and bad quality are detected but not dead areas inside, 
therefore, it´s possible to reduce the number of cell points in order to have 
quick results what is important facing the industry application. All cells show 
a variation of about 5% between the maximum and minimum inside them. 
Here is the variation within an average cell, where 1 is the mean value of the 
whole cell: 
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Fig. 66: Variation of the signal along the cell. Each point in X-axis is a measurement. Black 
line corresponds to the average value of this cell.  
The next wavelength is the blue and the number of points per cell was 
reduced to 6 points and the other parameters are the same: 
 
Fig. 67: Scale color using the blue laser and six points per cell. 
Here the upper left corner has lower values than the mappings obtained with 
red and green laser. One explanation could be that these are the first 
measurements and the blue laser is that takes more time to stabilize s 
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perhaps these measurements were taken with less power than the rest of 
the panel. The ratio between cells o good/bad quality and the average values 
is the same as the green laser. Variation through a cell is the same so that 
these three experiments were performed again but with 3 points per cell in 
order to confirm that the results are the same: 
 
Fig. 68: Variation of the signal along the cell. Each point in X-axis is a measurement. Black 
line corresponds to the average value of this cell. 
These are the results of the comparison between 21 and 3 points per cell and 
calculating the correlation coefficient between them: 
Red laser 
21 points/cell 3 points/cell 
Correlation 
coefficient 
  
0.96 
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Green laser 
21 points/cell 3 points/cell 
Correlation 
coefficient 
 
  
0.98 
Blue laser 
6 points/cell 3 points/cell 
Correlation 
coefficient 
 
  
0.93 
Fig. 69: Comparative between 21 and 3 points per cell. Correlation coefficient between both 
types of test. 
The results are similar. For all other experiments, some parameters are fixed: 
- Distance between measurements: 5mm 
- Distance to the panel: 487mm 
- Points per cell: 3 
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The next step is to test the three laser wavelengths with a sinusoidal signal 
and compare it with the square signal and the IR images.  
- Sinusoidal signal 
- Amplitude 0.2V 
- Offset: 4V 
- Modulating frequency: 872Hz 
 
a) Blue laser (473nm) 
 
b) Red laser (655nm) 
 
 
c) Green laser (532nm) 
 
Fig. 70: Scale color of the panel number 2 using: a) blue laser (test 1), b) red laser (test 2) 
and c) green laser (test 4).  
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In image a) with the blue laser, cells of good quality are highlighted, with 5 
times the average value. Worst cell is similar to the result with square signal, 
0.13 times. In the mapping is not detected the worst cell showed in the IR 
image.  
In the image b) with the red laser, the cell of bad quality seen in the IR image 
is a bit highlighted. The best cell this time is about 3.5 times the average 
value and the worst cell 0.18 times.  
In the image c) with the green laser, the cell of bad quality seen at IR image is 
again not highlighted. The behavior is similar to the blue laser.  
Here is the correlation coefficient between sinusoidal and square signal and 
each of them against the IR image. The correlation with the IR image will not 
be perfect, since it´s only digital values (0;1) and not integer values.  
Corr. Sin vs square Corr. Sin vs IR Corr. Square vs IR 
Red laser 
0.9614 0.6166 0.5773 
Green laser 
0.6099 0.6424 0.4209 
Blue laser 
0.7943 0.6365 0.4101 
Table 2: Correlation coefficient between sinusoidal, square and IR images for the panel 
number 2.  
The conclusions in this panel are: 
- Wavelength is not relevant using a sinusoidal signal. 
- Square signal works better with the 655nm wavelength (probably 
because it´s the most stable). 
- Sinusoidal signal gives results similar to the IR. 
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For the following experiments, the red laser is the only used because it´s the 
most stable, repeatable and similar to the IR results.  
With this laser, the idea is to cover the power ramp. Using first a sinusoidal 
signal with a modulating frequency of 872Hz, a fixed offset of 4.05V 
(approximately half of the ramp) and using variable amplitude (between the 
same colors): 
 
Fig. 71: Power ramp of the red laser indicating the amplitudes used in the test (every pair of 
colors).  
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a) Amplitude 0.5V (0.4 to 
15mW) 
 
 
b) Amplitude 0.3V (0.8 to 
14.7mW) 
 
c) Amplitude 0.1V (7.7 to 11.8mW) 
 
Fig. 72: Image a) is the test 7 with 0.5V of amplitude, image b) is the test 8 with 0.3V of 
amplitude and image c) is the test 9 with 0.1V of amplitude. 
Test of image a), is very similar to the previous done with 4V and only 0.2V of 
amplitude. The correlation coefficient between them is 0.985 therefore 
greater amplitude reaching saturation and points below the emission 
threshold does not affect.   
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Test of image b) is similar to the previous with 0.2V of amplitude. The 
correlation with the 0.5V amplitude is total (0.99) and with the 0.2V 
amplitude is quite similar (0.969).  
Test of image c) was performed using only the middle of the ramp. The 
correlation with 0.5V and 0.3V amplitude is almost total and comparing all 
amplitudes versus the IR image: 
Amplitude Correlation coef. 
0.5V 0.6382 
0.3V 0.6490 
0.1V 0.6469 
Table 3: Comparison of the correlation coefficient decreasing the amplitude of the 
sinusoidal signal.  
Less amplitude and using the middle of the ramp, the lineal area, is optimal 
and the correlation has increased because for the sinusoidal signal (4±0.2)V 
was 0.6166. 
Next set of experiments was using square signal at 872Hz at the start, middle 
and end of the power ramp.  
 
Fig. 73: Power ramp of the red laser showing the maximum voltage of each test.  
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a) Amplitude 2.2V (0.03 to 
15mW) and offset 2.2V 
 
b) Amplitude 2.05V (0.002 to 
10.9mW) and offset 2.05V 
 
 
c) Amplitude 1.9V (0.002 to 2mW) and offset 1.9V 
 
Fig. 74: Image a) is the test 10 with 2.2V of amplitude, image b) is the test 11 with 2.05V of 
amplitude and image c) is the test 12 with 1.9V of amplitude. 
In the image a), the result is similar to the previous square test with 2.25V 
offset and 2.25V of amplitude. The correlation between them is 0.97. 
The image b) with 2.05V of amplitude and 2.05V of offset keeps the 
maximum in the middle of the ramp. The correlation with previous 
experiment of greater amplitude is 0.97.  
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The image c) corresponds to the test of the start of the power ramp. The 
correlation with 2.2V and 2.05V is not good (0.84 and 0.92), probably due to 
the low peak power. Comparing all amplitudes to the IR image: 
Offset Amplitude Correlation coef. 
2.2V 2.2V 0.6029 
2.05V 2.05V 0.5289 
1.9V 1.9V 0.2996 
Table 4: Comparison of the correlation coefficient decreasing amplitude and voltage of the 
square signal.  
An important result is that offset 2.2V and amplitude 2.2V gives a better 
correlation with the IR image than before (0.5773). 
In contrast to the sinusoidal case, less amplitude and offset does not provide 
a good correlation with the IR image, the correlation coefficient is halved. To 
distinguish if the problem is the amplitude or the offset, the following set of 
experiments keep the same offset (4.05V) and only vary the amplitude. It´s 
again a square signal at 872Hz. 
 
Fig. 75: Power ramp of the red laser showing the maximum voltage of each test. 
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a) Amplitude 0.5V (10 to 
15.3mW) 
 
b) Amplitude 0.3V (10 to 
14.7mW) 
 
 
c) Amplitude 0.1V (10to 11.8mW) 
 
Fig. 76: Image a) is the test 13 with 0.5V of amplitude, image b) is the test 14 with 0.3V of 
amplitude and image c) is the test 15 with 0.1V of amplitude. 
For the image a), the result is similar to previous set of experiments.  
For the image b), the result is the same as with the amplitude of 0.5V (0.99), 
which is logical, since the power difference is only 0.6mW. 
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For the image c), the maximum is in the middle of the power ramp and the 
correlation with the higher amplitudes is still good (0.98 and 0.99). 
Comparing all amplitudes to the IR image: 
Amplitude Correlation coef. 
0.5V 0.6395 
0.3V 0.6589 
0.1V 0.6579 
Table 5: Comparison of the correlation coefficient decreasing the amplitude of the square 
signal. 
As seen in the sinusoidal signal, less amplitude with the same offset results in 
a better correlation with the IR image than previously with the square signal 
(0.6029). 
Last series of experiments was changing the frequency. The other 
parameters are fixed:  
- Sinusoidal signal 
- Amplitude 0.5V  
- Offset: 4.05V 
This was done using prime numbers in order to avoid problems with 
harmonics, as in all experiments. 
 
a) 79Hz 
 
b) 521Hz 
 
Development of a LBIC system adapted to the photovoltaic industry quality 
 
 89 
c) 971Hz 
 
d) 2111Hz 
 
Fig. 77: Image a) is the test 16 at 79Hz, image b) is the test 17 at 521Hz, image c) is the test 
18 at 971Hz and image d) is the test 19 at 2111Hz. 
In the image a), the result is not good, is not similar at all to the other 
mappings and the IR image. It´s consistent to the result extracted from the 
experiment with the optical chopper, in which up to 150Hz approximately 
the voltage of the panel is not changing.  
The image b) performed at 521Hz, gives acceptable results.  
The image c) is similar to those made at 872Hz and the correlation with the 
IR image is better (0.6617).  
The image d) gives a worse correlation with the IR image so all the 
experiments were performed at 872Hz, near the correlation peak. 
At this point, a numerical method was developed to compare all the 
experiments and that is counting cells of good and bad quality. Below is a 
table of all experiments of three points per cell, detailing the conditions, 
number of cells and correlation with IR image: 
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Test 
Offset 
(V) 
ν 
(Hz) 
Amplitude 
(V) 
Wave 
λ 
(nm) 
Good 
cells 
Bad 
cells 
IR 
corr 
1 4 872 0.2 sen 473 31 1 0.63 
2 4 872 0.2 sen 655 42 2 0.62 
3 2.25 791 2.25 square 473 62 2 0.41 
4 4 872 0.2 sen 532 24 1 0.64 
5 2.25 791 2.25 square 655 52 5 0.58 
6 2.25 791 2.25 square 532 64 2 0.42 
7 4.05 872 0.5 sen 655 40 1 0.64 
8 4.05 872 0.3 sen 655 33 1 0.65 
9 4.05 872 0.1 sen 655 31 1 0.65 
10 2.2 872 2.2 square 655 53 3 0.60 
11 2.05 872 2.05 square 655 55 2 0.53 
12 1.9 872 1.9 square 655 67 7 0.30 
13 4.05 872 0.5 square 655 42 1 0.64 
14 4.05 872 0.3 square 655 34 1 0.66 
15 4.05 872 0.1 square 655 32 1 0.66 
16 4.05 79 0.5 sen 655 59 61 0.41 
17 4.05 521 0.5 sen 655 41 1 0.64 
18 4.05 971 0.5 sen 655 39 1 0.66 
19 4.05 2111 0.5 sen 655 43 2 0.62 
Table 6: Magnitudes of the experiments of panel number 2.  
The best conditions for the measurement of this panel are: 
- Red laser 
- Frequency 872 or 971Hz 
- Offset 4.05V 
- Sinusoidal signal with 0.5V of amplitude or square signal with 0.3 or 
0.1V of amplitude 
Under these conditions, there are between 30 and 40 good quality cells and 
only one bad quality cell, the first of the fourth sector. 
A repetition of the same conditions has been done in order to compare 
repeatability and if the results are that the correlation coefficient is 0.998 
and the differences are in the order of 0.2%. Same number of good and bad 
quality cells was detected. 
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Finally the panel was inspected with a portable microscope in order to find 
the problem of the bad quality cells and why the good quality cells are like 
this. Both types appear as cold cells in the IR image. 
In the bad cells, the same problem was found in all of them, P3 laser 
presented a different color in some places and this indicates that not all 
layers were removed: 
 
Fig. 78: Image taken with the portable microscope of the different color seen in P3 in cells of 
bad quality.  
This problem can be shown in a cross section in order to find how it affects 
to the circuit. This is a normal circuit: 
 
Fig. 79: Picture of a cross section of a normal cell. Electrons generated in the intrinsic layer 
pass from one cell to another through the laser scribes. 
Cells are series connected and current flow through all of them.  This is the 
circuit if a cell has not been marked by P3 (a less resistive path is created for 
the current and generates a recombination area): 
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Fig. 80: Picture of a cross section of a cell without P3, generating a recombination area 
because no current is flowing through it. 
The circuit is not closed. Carriers created in the bad quality cell can go to the 
back reflector but they will be recombined with the opposite carriers 
because they have no circuit as TCO is broken. As detailed above, voltage is a 
measurement of recombination: 
    
   
 
  (
  
  
  ) 
Where VOC is the open circuit voltage, IL is the light-generated current, I0 is 
the dark saturation current (diode leakage current density in absence of 
light), q is the electron charge, n is the ideality factor (a number between 1 
and 2 which typically increases as the current decreases), K is the 
Boltzmann´s constant and T is the temperature in K. 
Therefore, in this case, I0 is increasing and the VOC is reduced. This is exactly 
what is seen in the results of the bad quality cells. 
The explanation of why are they cold is also easy. As the current is the same 
in a series connection and the bad quality cell shows low voltage is 
immediate that it shows low resistance. A conductor with a better resistance 
presents a better conductivity and thus is colder. 
Good quality cells present no problem observed with the microscope so that 
they are cold and produce more voltage. The only explanation, that it´s not 
easy to check with a non-destructive method, is that the doped depositions 
are thinner in these cells because this change reduces the number of 
recombinations and voltage increase.  
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3.3. Panel number 3 
After having a complete panel, a second was installed. Again, the IV curve 
and an IR image are provided for this panel. For the IV curve, comparing this 
panel with the reference: 
 
Fig. 81: IV curve of the panel number 3. In blue appears the IV curve of the panel number 3 
and in red of the reference panel. There is a difference in FF. 
This is the IR image in which hot cells appear in white and in black the cold: 
 
Fig. 82: IR image of the panel number 3. There are two black lines with white dots at the 
intersection with the isolation lines and some other black cells. 
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Having this image is possible to compare this technique and the LBIC. The 
knowledge of the previous panel indicates the best conditions: background 
light always on, three points per cell and same distance to the panel. From 
this point the idea is to repeat the same conditions as the previous panel to 
look at the conclusions. 
First experiment is to test the three laser wavelengths with a sinusoidal 
signal and compare it with the square signal and the IR images. Some 
parameters are fixed:  
- Sinusoidal signal 
- Amplitude 0.2V 
- Offset 4V 
- Modulating frequency 872Hz 
 
 
a) Blue laser (473nm) 
 
b) Red laser (655nm) 
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c) Green laser (532nm) 
 
Fig. 83: Scale color of the panel number 2 using: a) blue laser (test 17), b) red laser (test 1) 
and c) green laser (test 16). 
In the image a), the result is not completely similar to the IR image. The two 
vertical lines are not present, the two bad quality cells are black in the IR 
image but the other black cell in the first sector is not highlighted in the LBIC 
image. The good quality cells in the LBIC image are highlighted (or a list a 
part of the cell) in the IR image. 
In this image b), two of the three cold cells are clearly of bad quality and the 
third is worse than the average. The best cell this time is about 4 times the 
average value and the worst cell 0.24 times.  
In the image c), the behavior is similar to the other wavelengths. 
The experiment with the square signal is similar to the sinusoidal: 
- Square signal 
- Amplitude 2.25V 
- Offset 2.25V 
- Modulating frequency 791Hz 
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a) Blue laser (473nm) 
 
b) Red laser (655nm) 
 
 
c) Green laser (5323nm) 
 
Fig. 84: Scale color using square signal: a) blue laser (test 18), b) red laser (test 2) and c) 
green laser (test 19). 
In the image a) more cells than in IR image are highlighted with a good 
quality (especially in the first sector). The difference with the sinusoidal 
signal is that in these mappings the black cell of the first sector appears as 
bad quality. The result of the correlation is worse than sinusoidal due to 
highlight in the first sector.  
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In the image b), the correlation with the sinusoidal signal is quite good 
(0.9714). The three cold cells are detected and more cells of good quality are 
highlighted compared with the IR image.  
In the image c), the result is nearly equal to the result of the blue laser with 
more good quality cells than with the red laser. Difference between 
maximum and minimum with red laser is half throughout the experiment.  
The table shows the correlation coefficient between the sinusoidal and 
square signal and each of them against the IR image. The correlation against 
IR image is not perfect, as it´s only digital values (0;1) and not integer values.  
Corr. Sin vs square Corr. Sin vs IR Corr. Square vs IR 
Red laser 
0.9714 0.4381 0.3995 
Green laser 
0.5270 0.4721 0.2548 
Blue laser 
0.6504 0.4944 0.2506 
Table 7: Comparison of the correlation coefficient for sinusoidal, square and IR images of 
the panel number 3.  
The conclusions until this moment are: 
- Wavelength is important for both types of signal. Red laser is the one 
that works better. 
- Sinusoidal signal gives us results more similar to the IR ones with the 
red laser. 
For the following experiments, the red laser is the only used because is the 
most stable, repeatable and similar to the IR results.  
The next experiment is changing the amplitude of the sinusoidal signal while 
the offset is fixed: 
- Sinusoidal signal 
- Offset: 4.05V 
- Modulating frequency: 872Hz 
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a) Amplitude 0.5V (0.4 to 
15mW) 
 
b) Amplitude 0.3V (0.8 to 
14.7mW) 
 
 
c) Amplitude 0.1V (7.7 to 11.8mW) 
 
Fig. 85: Image a) is the test 3 with 0.5V of amplitude, image b) is the test 4 with 0.3V of 
amplitude and image c) is the test 5 with 0.1V of amplitude. 
The test of the image a) is very similar to the previous made with 4V and only 
0.2V of amplitude. The correlation coefficient between them is 0.987 
therefore greater amplitude reaching saturation and low power areas does 
not affect. 
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In the image b), the correlation with the 0.5V amplitude is almost complete 
(0.996) and with the 0.2V amplitude is quite similar (0.979). 
In the image c), the correlation with 0.5V and 0.3V amplitude is almost total 
and comparing all amplitudes to the IR image: 
Amplitude Correlation coef. 
0.5V 0.4573 
0.3V 0.4728 
0.1V 0.4725 
Table 8: Comparison of the correlation coefficient decreasing the amplitude of the 
sinusoidal signal. 
Less amplitude and use the middle of the ramp is optimum and the 
correlation has been increased because for the sinusoidal signal (4±0.2)V was 
0.4381. 
Next set of experiments was using square signal in the start, middle and end 
of the power ramp. Other parameters are fixed: square signal and 
modulating frequency of 872Hz. 
 
Fig. 86: Power ramp of the red laser showing the maximum voltage of each test. 
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a) Amplitude of 2.2V (0.03 to 
15mW) and offset of 2.2V 
 
b) Amplitude of 2.05V (0.002 to 
10.9mW) and offset of 2.05V 
 
 
c) Amplitude of 1.9V (0.002 to 2mW) and offset of 1.9V 
 
Fig. 87: Image a) is the test 6 with 2.2V of offset, image b) is the test 7 with 2.05V of offset 
and image c) is the test 10 with 1.9V of offset. 
In the image a), the result is similar to the previous square test with 2.25V 
offset and 2.25V of amplitude. The correlation between them is 0.99. 
In the image b), the correlation with the previous experiment of greater 
amplitude is 0.97. 
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In image c), the correlation with 2.2V and 2.05V is not good (0.79 and 0.89), 
probably due to the low maximum power of 2mW, just above the emission 
threshold.  
Comparing all amplitudes to the IR image: 
Offset Amplitude Correlation coef. 
2.2V 2.2V 0.3829 
2.05V 2.05V 0.2965 
1.9V 1.9V 0.0551 
Table 9: Comparative of the correlation coefficient decreasing amplitude and voltage of the 
square signal. 
Any of these experiments improves the correlation obtained with offset 2.2V 
and amplitude 2.25V (0.3995). 
Opposite the sinusoidal case, less amplitude and offset does not provide a 
good correlation with the IR image, the correlation coefficient is halved. To 
distinguish if the problem is the amplitude or the offset, the following set of 
experiments keep the same offset (4.05V) and only vary the amplitude:. It´s 
again a square signal at 872Hz. 
 
Fig. 88: Power ramp of the red laser showing the maximum voltage of each test.  
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a) Amplitude 0.5V (10 to 
15.3mW) 
 
b) Amplitude 0.3V (10 to 
14.7mw) 
 
 
c) Amplitude 0.1V (10 to 11.8mW) 
 
Fig. 89: Image a) is the test 13 with 0.5V of amplitude, image b) is the test 14 with 0.3V of 
amplitude and image c) is the test 15 with 0.1V of amplitude. 
In the image a), the result is similar to the previous except for the first sector 
that is not so highlighted and the bad quality cell in this sector is not shown. 
In the image b), the result is the same as the amplitude 0.5V (0.99), which is 
logical, since the difference in power is only 0.6mW. 
In the image c) the result is similar to the above.  
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Comparing all amplitudes to the IR image: 
Amplitude Correlation coef. 
0.5V 0.4453 
0.3V 0.4704 
0.1V 0.4783 
Table 10: Comparative of the correlation coefficient decreasing the amplitude of the square 
signal.  
The last series of experiments was changing the frequency. This was done 
using prime numbers in order to avoid problems with harmonics, as in all 
experiments. Other parameters are fixed:  
- Sinusoidal signal 
- Amplitude 0.5V  
- Offset 4.05V 
 
a) 79Hz 
 
b) 521Hz 
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c) 971Hz 
 
d) 2111Hz 
 
Fig. 90: Image a) is the test 8 at 79Hz, image b) is the test 9 at 521Hz, image c) is the test 11 
at 971Hz and image d) is the test 12 at 2111Hz. 
In the image a), the result is not good, is not at all similar to the other 
mappings and the IR image.  
The image b) is clear that gives acceptable results, similar to the previous 
sinusoidal mappings but with the first sector more highlighted.  
The image c) is similar to previous made with 872Hz.  
In the image d), the correlation with the IR image is still good. 
At this point, a numerical method was developed to compare all experiments 
and that is counting cells of good and bad quality. Below is a table of all the 
experiments of three points per cell, detailing the conditions, the number of 
cells and correlation with IR image: 
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Test 
Offset 
(V) 
ν (Hz) 
Amplitude 
(V) 
Wave 
λ 
(nm) 
Good 
cells 
Bad 
cells 
IR 
corr 
1 4 872 0.2 sen 655 31 2 0.44 
2 2.25 791 2.25 square 655 48 3 0.39 
3 4.05 872 0.5 sen 655 33 2 0.46 
4 4.05 872 0.3 sen 655 29 2 0.47 
5 4.05 872 0.1 sen 655 30 2 0.47 
6 2.2 872 2.2 square 655 48 3 0.38 
7 2.05 872 2.05 square 655 54 5 0.30 
8 4.05 79 0.5 sen 655 49 55 0.26 
9 4.05 521 0.5 sen 655 31 2 0.44 
10 1.9 872 1.9 square 655 88 12 0.06 
11 4.05 971 0.5 sen 655 38 2 0.44 
12 4.05 2111 0.5 sen 655 36 2 0.46 
13 4.05 872 0.5 square 655 35 2 0.45 
14 4.05 872 0.3 square 655 29 2 0.47 
15 4.05 872 0.1 square 655 26 2 0.48 
16 4 872 0.2 sen 532 21 2 0.47 
17 4 872 0.2 sen 473 26 2 0.49 
18 2.25 791 2.25 square 473 60 5 0.25 
19 2.25 791 2.25 square 532 59 5 0.25 
Table 11: Magnitudes of the experiments of panel number 3. 
Better correlations are obtained in two different ways: 
- Blue laser, frequency of 872Hz, sinusoidal signal with 0.2V of 
amplitude and 4V offset 
- Red laser, frequency of 872Hz, square signal with 0.1V of amplitude 
and 4.05V offset 
The last one is similar to the best conditions of the previous panel. There are 
26 good quality cells detected and 2 bad quality cells that are in third and 
fourth sectors. 
The main problem of this panel is an inversion of the P2 scribe that is very 
clear on the IR image as white points in two lines. Due to a program error, 
the shutter was on while must be off and vice-versa. It´s not visible in the 
LBIC image because as the P2 begins inside the cell provides a path for the 
current and the cell is not dead.  
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Fig. 91: Image of the inversion of P2 scribe taken over the isolation lines on the panel 
number 3.  
The panel was inspected with a portable microscope in order to find the 
problem of the cells of bad quality and the reason for the green cells to be of 
good quality. Both types appear as cold cells in the IR image. 
Good cells have no problems observed with the microscope so, are cold and 
producing more voltage. The only explanation, that it´s no easy to check with 
a non-destructive method is that the doped depositions are thinner in these 
cells because this change reduces the number of recombinations and voltage 
increases.  
On the two bad quality cells, the same problem as the previous panel was 
found, P3 laser has a different color in some places and this indicates that 
not all layers were removed: 
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Fig. 92: Image of the panel number 3 with a different color on P3 scribe. 
 
 
3.4. Panel number 4 
The third panel with the IV curve and an IR image was installed. For the IV 
curve is compared this panel with the reference: 
 
Fig. 93: IV curve of the panel number 4. In red appears the IV curve of the panel number 4 
and in blue of the reference panel. There is a difference in VOC and FF. 
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This is the IR image, in which hot cells appear in white and in black the cold: 
 
Fig. 94: IR image of the panel number 4. There is vertical area of cold cells. 
Having this image is possible to compare this technique and the LBIC. For all 
experiments the background light was on, only three points per cell, same 
distance to the panel and same distance between measurements. From this 
point, the idea is to repeat the same conditions as the previous panel to 
check if results are still similar. 
First experiment is to test the three laser wavelengths with a sinusoidal 
signal and compare it with the square signal and the IR images. Some fixed 
parameters are: 
- Sinusoidal signal 
- Amplitude 0.2V 
- Offset: 4V 
- Modulating frequency: 872Hz 
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a) Blue laser (473nm) 
 
b) Red laser (655nm) 
 
 
c) Green laser (532nm) 
 
Fig. 95: Scale color of the signal using: a) blue laser (test 14), b) red laser (test 1) and green 
laser (test 12). 
In the image a), the result is not similar to the IR image because the center of 
the panel appears as bad quality cells, while in the IR image only the third 
sector is cold. The black column shows also bad quality cells in the IR image, 
the other black cells of the first, second and fourth sector appear also as bad 
quality. The correlation is, however, negative. In the image b), the black 
column is visible, but the correlation is also negative. The main difference is 
that the sectors three and four show low voltage, but in the IR image only 
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the third seems to be colder so, here is a difference between the methods. In 
the image c), the result is similar to the previous. Correlation between 
wavelengths is good (>0.83). The experiment with the square signal is similar 
to the sinusoidal. Some parameters are fixed: square signal, amplitude of 
2.25V, offset of 2.25V and modulating frequency of 791Hz. 
a) Blue laser (473nm) 
 
b) Red laser (655nm) 
 
 
c) Green laser (532nm) 
 
Fig. 96: Scale color of the signal using: a) blue laser (test 15), b) red laser (test 2) and green 
laser (test 13). 
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In the image a), the result with the square signal is not similar to the IR image 
again. For this measurement, the difference between the maximum and 
minimum duplicates all other measurements of this panel so the color scale 
is different.  
In the image b), the correlation with the sinusoidal signal is quite good, the 
result is similar. 
In the image c), the result is again similar to the sinusoidal case.  
For the square signal, the result is different as the correlation between the 
three wavelengths is good. It seems it reproduces better the IR image with 
this panel. 
Here is the correlation coefficient between sinusoidal and square signal and 
each of them against the IR image. The correlation against IR image is not 
perfect, as it´s only digital values (0;1) and not integer values.  
Corr. Sin vs square Corr. Sin vs IR Corr. Square vs IR 
Red laser 
0.9824 -0.0552 -0.0482 
Green laser 
0.6255 0.1223 -0.2213 
Blue laser 
0.7379 0.0590 -0.2519 
Table 12: Comparison of the correlation coefficient for sinusoidal, square and IR image for 
the panel number 4.  
The conclusions so far are: 
- Wavelength is important for both types of signal. Red laser is the one 
that operates best. 
- Opposite the first panel, with the sinusoidal signal wavelength 
matters. 
- Opposite the previous panels, sinusoidal and square signals give 
results far from the IR image. Sinusoidal and square signal give very 
similar correlation values. 
- All the correlations are negative.  
- Sinusoidal and square signal are only similar for the red laser.  
For the following experiments, the red laser is the only used because is the 
most stable, repeatable and similar to the IR results.  
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The experiment changing the amplitude of the sinusoidal at 872Hz while the 
offset is fixed in 4.05V: 
a) Amplitude 0.5V (0.4 to 
15mW) 
 
b) Amplitude 0.3V (0.8 to 
14.7mw) 
 
 
c) Amplitude 0.1V (7.7 to 11.8mW) 
 
Fig. 97: Image a) is the test 3 with 0.5V of amplitude, image b) is the test 4 with 0.3V of 
amplitude and image c) is the test 5 with 0.1V of amplitude. 
Image a) is very similar to the previous one made with 4V and only 0.2V of 
amplitude. The correlation coefficient between them is 0.989 therefore 
greater amplitude reaching saturation and low power areas does not affect.  
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In the image b), the correlation with the 0.5V amplitude is total (0.999) and 
with the 0.2V amplitude is very good (0.984).  In the image c), the correlation 
with 0.5V and 0.3V amplitude is almost total. 
Comparing all amplitudes to the IR image: 
Amplitude Correlation coef. 
0.5V -0.0165 
0.3V -0.0025 
0.1V 0.0086 
Table 13: Comparison of the correlation coefficient decreasing the amplitude for sinusoidal 
signal. 
Less amplitude and using the middle of the ramp is optimal and the 
correlation has increased because for the sinusoidal signal with (4±0.2)V was 
-0.0552. 
Next set of experiments was using square signal at the start, middle and end 
of the power ramp. Other parameters are fixed: 
- Square signal 
- Offset: 2.2V 
 
Fig. 98: Power ramp of the red laser showing the maximum voltage of each test. 
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a) Amplitude 2.2V (0.03 to 
15mW) and offset 2.2V 
 
b) Amplitude 2.05V (0.002 to 
10.9mW) and offset 2.05V 
 
 
c) Amplitude 1.9V (0.002 to 2mW) and offset 1.9V 
 
Fig. 99: Image a) is the test 6 with 2.2V of offset, image b) is the test 7 with 2.05V of offset 
and image c) is the test 8 with 1.9V of offset. 
In the image a), the result is similar to the previous square test with 2.25V 
offset and 2.25V of amplitude. The correlation between them is 0.99. In the 
image b), the correlation with previous experiment of greater amplitude is 
0.99. In the image c), the correlation with 2.2V and 2.05V is not good (0.58 
and 0.3), probably due to the low maximum power (2mW), just above the 
emission threshold.  
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Comparing all amplitudes to the IR image: 
Offset Amplitude Correlation coef. 
2.2V 2.2V -0.0669 
2.05V 2.05V -0.0175 
1.9V 1.9V -0.3823 
Table 14: Comparison of the correlation coefficient decreasing amplitude and offset for the 
square signal. 
Any of these experiments improves the correlation obtained with offset 2.2V 
and amplitude 2.25V (-0.0482). 
Opposite the sinusoidal case, less amplitude and offset does not provide a 
good correlation with the IR image, the correlation coefficient is halved. To 
distinguish if the problem is the amplitude or the offset, the following set of 
experiments keep the same offset (4.05V) and only vary the amplitude. 
Other parameters are fixed: 
- Square signal 
- Offset: 4.05V 
- Modulating frequency: 872Hz 
 
Fig. 100: Power ramp of the red laser showing the maximum voltage of each test. 
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a) Amplitude 0.5V (10 to 
15.3mW) 
 
b) Amplitude 0.3V (10 to 
14.7mW) 
 
c) Amplitude 0.1V (10 to 11.8) 
 
Fig. 101: Image a) is the test 9 with 0.5V of amplitude, image b) is the test 10 with 0.3V of 
amplitude and image c) is the test 11 with 0.1V of amplitude. 
The image a) is similar to the previous.  
In the image b), the result is the same as the amplitude 0.5 (0.99), as a direct 
consequence of the little difference in power, only 0.6mW. 
 In the image c), the lowest amplitude gives the best result, with a positive 
correlation.  
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Comparing all amplitudes to the IR image: 
Amplitude Correlation coef. 
0.5V -0.0219 
0.3V -0.0029 
0.1V 0.0067 
Table 15: Comparison of the correlation coefficient decreasing the amplitude for the square 
signal. 
Opposite the previous panels, with amplitude of 0.1V yields a result more 
similar to the IR image, better than 0.5V and 0.3V. Therefore, the threshold is 
even less amplitude.  
The last series of experiments was changing the frequency. This was done 
using prime numbers in order to avoid problems with harmonics, as in all 
experiments. 
- Sinusoidal signal 
- Amplitude 0.5V  
- Offset: 4.05V 
 
a) 79Hz 
 
b) 521Hz 
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c) 971Hz 
 
d) 2111Hz 
 
Fig. 102: Image a) is the test 16 at 79Hz, image b) is the test 17 at 521Hz, image c) is the test 
18 at 971Hz and image d) is the test 19 at 2111Hz. 
The image a) is more similar to the IR image than in the previous panels, 
showing the black column and the black cells of the first, second and fourth 
sector.  
The image b) gives acceptable results.  
The image c) is similar to the previous made with 872Hz.  
In the image d), the correlation is similar to the previous tests.  
Below is a table with of all the experiments of three points per cell, detailing 
the conditions, the number of cells and correlation with the IR image: 
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Test 
Offset 
(V) 
ν (Hz) 
Amplitude 
(V) 
Wave 
λ 
(nm) 
Good 
cells 
Bad 
cells 
IR 
corr 
1 4 872 0.2 sen 655 169 132 -0.05 
2 2.25 791 2.25 square 655 143 141 -0.05 
3 4.05 872 0.5 sen 655 141 165 -0.02 
4 4.05 872 0.3 sen 655 164 158 -0.01 
5 4.05 872 0.1 sen 655 135 166 0.01 
6 2.2 872 2.2 square 655 130 142 -0.07 
7 2.05 872 2.05 square 655 123 123 -0.02 
8 1.9 872 1.9 square 655 97 88 -0.38 
9 4.05 872 0.5 square 655 126 161 -0.22 
10 4.05 872 0.3 square 655 160 160 -0.01 
11 4.05 872 0.1 square 655 143 148 0.01 
12 4 872 0.2 sen 532 146 31 0.12 
13 2.25 791 2.25 square 532 122 106 -0.22 
14 4 872 0.2 sen 473 144 157 0.06 
15 2.25 791 2.25 square 473 113 110 -0.25 
16 4.05 79 0.5 sen 655 125 86 -0.04 
17 4.05 521 0.5 sen 655 131 146 -0.02 
18 4.05 971 0.5 sen 655 136 164 -0.01 
19 4.05 2111 0.5 sen 655 156 159 -0.01 
Table 16: Table with all experiments of panel number 4. 
In this panel, the best correlation is obtained with the green laser but is not 
representative as all correlations are negative or very close to zero. 
Regarding the problematic, there are several cases in this panel: 
- Black column: nothing was observed with the microscope. An 
explanation could be a problem in the TCO deposition, seen in some 
panels due to shipment. Thus, the properties in this area could be 
affected and the TCO conductivity is lower, the series resistance 
increases and lead to a bad quality cell. In addition, the first laser 
could not be scribed properly due to the variation of the properties 
and this case is similar to the P3 not well done; increases the 
recombination, the cell is wider and the result is: 
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Fig. 103: Diagram of a cross section of a cell without P1. Electrons in the cell without P1 are 
not passing through the metal and there occurs the recombination. 
 
- Bad quality cells with the LBIC which are colder in the IR image: as 
the first panels, a different color in the P3 laser.  
- Good quality cells measured with LBIC which are colder in the IR 
image: some of them show problems in P2, different color and 
particles: 
 
Fig. 104: Image of the different color detected in P2 laser.  
This affects the circuit in a way similar to the previous, where the P2 starts 
only at the end of the cell. At the point where the particle is, there is no path 
for the current, but as the following spots don´t show problems, then the 
connection is made. Cells appear as good quality because the dead area is 
reduced along this cell.  
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Good quality cells have no problem seen with the microscope so, are cold 
and producing more voltage. The only explanation, that it´s no easy to check 
with a non-destructive method is that the doped depositions are thinner in 
these cells because this change reduces the number of recombinations and 
voltage increases.  
 
 
3.5. Panel number 5 
Next panel with the IV curve and an IR image; for the IV curve, compared this 
panel with the reference: 
 
Fig. 105: IV curve of the panel number 5. In red appears the IV curve of the panel number 5 
and in blue of the reference panel. There is a difference mainly in FF. 
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This is the IR image, in which hot cells appear in white and in black the cold: 
 
Fig. 106: IR image of the panel number 5.  
Having this image is possible to compare this technique and the LBIC. In all 
experiments the background light was on, only three points per cell, same 
distance to the panel and same distance between measurements. From this 
point, same conditions as the previous panels are performed to check 
whether the results keep similar. 
First experiment is to test the three laser wavelengths with a sinusoidal 
signal and compare it with the square signal and the IR images. Some 
parameters are fixed: 
- Sinusoidal signal 
- Amplitude 0.2V 
- Offset: 4V 
- Modulating frequency: 872Hz 
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a) Blue laser (473nm) 
 
b) Red laser (655nm) 
 
 
c) Green laser (532nm) 
 
Fig. 107: Scale color of the signal using: a) blue laser (test 17), b) red laser (test 1) and green 
laser (test 8). 
In the image a), the result is only similar in some cells. The first sector is 
alternately black and white and this is not reproducible in the LBIC image. 
Bad quality cells that are the first of sectors two and three are also black in 
the IR image, but the other black cells of the second, fifth and sixth sectors 
are not highlighted. Good quality cells in LBIC image do not stand out in the 
IR image.  In the image b), the result is different from the blue laser. 
Correlation is also negative. In the image c), the correlation with the IR image 
is again negative.  
Development of a LBIC system adapted to the photovoltaic industry quality 
 
 124 
The experiment with the square signal is similar to the sinusoidal: square 
signal, amplitude of 2.25V, offset of 2.25V and modulating frequency of 
791Hz. 
a) Blue laser (473nm) 
 
b) Red laser (655nm) 
 
 
c) Green laser (532nm) 
 
Fig. 108: Scale color of the signal using: a) blue laser (test 18), b) red laser (test 2) and green 
laser (test 9). 
In the image a), the result is completely different to the sinusoidal signal, 
much more cells are highlighted and it´s still not similar to the IR image.  
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In the image b), opposite the other panels, the correlation with the 
sinusoidal signal is bad (0.6257).  
All the mappings with the square signal are very similar between them (>0.9) 
but the correlation with the IR image is bad.  
Here is the correlation coefficient between sinusoidal and square signal and 
each of them against the IR image. The correlation against IR image is not 
perfect, as it´s only digital values (0;1) and not integer values.  
Corr. Sin vs square Corr. Sin vs IR Corr. Square vs IR 
Red laser 
0.9674 -0.0324 -0.0386 
Green laser 
0.6257 -0.0671 -0.0119 
Blue laser 
0.6279 -0.0456 -0.0181 
Table 17: Comparison of the correlation coefficient for sinusoidal, square and IR images for 
the panel number 5. 
The conclusions so far are: 
- Wavelength is important for both types of signal.  
- Red laser is the one that operates the best with the sinusoidal signal 
and green laser with the square signal.  
- Sinusoidal signal gives results more similar to those of IR. 
For the following experiments, the red laser is the only used because is the 
most stable, repeatable and similar to the IR results.  
The experiment changing the amplitude of the sinusoidal signal while other 
parameters are fixed: 
- Sinusoidal signal 
- Offset: 4.05V 
- Modulating frequency: 872Hz 
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a) Amplitude 0.5V (0.4 to 
15mW) 
 
b) Amplitude 0.3V (0.8 to 
14.7mW) 
 
 
c) Amplitude 0.1V (7.7 to 11.8mW) 
 
Fig. 109: Image a) is the test 3 with 0.5V of amplitude, image b) is the test 4 with 0.3V of 
amplitude and image c) is the test 5 with 0.1V of amplitude. 
The image a) is similar to the previous square results and not to the 
sinusoidal. The correlation with the sinusoidal performed with the red laser 
is negative and with the square is 0.97.  
In the image b), the result is similar to the previous. 
In the image c), the result is still similar to the greater amplitude.  
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A comparison of the amplitude values: 
Amplitude Correlation coef. 
0.5V -0.0516 
0.3V -0.0530 
0.1V -0.0620 
Table 18: Comparison of the correlation coefficient decreasing the amplitude for the 
sinusoidal signal. 
The next set of experiments was using square signal at the start, middle and 
end of the power ramp. Other parameters are fixed: 
- Square signal 
- Modulating frequency: 872Hz 
 
Fig. 110: Power ramp of the red laser showing the maximum voltage of each test. 
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a) Amplitude 2.2V (0.03 to 
15mW) and offset 2.2V 
 
b) Amplitude 2.05V (0.002 to 
10.9mW) and offset 2.05V 
 
 
c) Amplitude 1.9V (0.002 to 2mW) and offset 1.9V 
 
Fig. 111: Image a) is the test 6 with 2.2V of offset, image b) is the test 7 with 2.05V of offset 
and image c) is the test 19 with 1.9V of offset. 
In the image a), the result is similar to the previous square test with 2.25V 
offset and 2.25V of amplitude. The correlation between them is 0.99. 
In the image b), the correlation with the previous experiment of greater 
amplitude is 0.98. 
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In the image c), the correlation with 2.2V and 2.05V is regular (0.84 and 
0.91), probably due to the low maximum power (2mW), just above the 
emission threshold.  
Comparing all amplitudes to the IR image: 
Offset Amplitude Correlation coef. 
2.2V 2.2V -0.0399 
2.05V 2.05V -0.0277 
1.9V 1.9V 0.0237 
Table 19: Comparison of the correlation coefficient decreasing amplitude and offset for the 
square signal. 
Opposite the sinusoidal case, less amplitude gives the best correlation with 
the IR image with square signal, probably because some of the alternate 
lines of the first sector are highlighted.  To distinguish if the problem is the 
amplitude or the offset, the following set of experiments keep the same 
offset (4.05V) and only vary the amplitude. It´s again a square signal at 
872Hz. 
 
Fig. 112: Power ramp of the red laser showing the maximum voltage of each test. 
 
 
 
Development of a LBIC system adapted to the photovoltaic industry quality 
 
 130 
a) Amplitude 0.5V (10 to 
15.3mW) 
 
 
b) Amplitude 0.3V (10 to 
14.7mW) 
 
 
c) Amplitude 0.1V (10 to 11.8mW) 
 
Fig. 113: Image a) is the test 10 with 0.5V of amplitude, image b) is the test 11 with 0.3V of 
amplitude and image c) is the test 12 with 0.1V of amplitude. 
The image a) is similar to the previous.  
In the image b), the result is the same as the amplitude 0.5V (0.98), which is 
consequence of the difference in power, only 0.6mW.  
In the image c), the result is similar to greater amplitudes.  
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Comparing all amplitudes to the IR image: 
Amplitude Correlation coef. 
0.5V -0.0149 
0.3V -0.0564 
0.1V -0.0619 
Table 20: Comparison of the correlation coefficient decreasing the amplitude for the square 
signal. 
The last series of experiments was changing the frequency. This was done 
using prime numbers in order to avoid problems with harmonics, as in all 
experiments. 
- Sinusoidal signal 
- Amplitude 0.5V  
- Offset: 4.05V 
 
a) 79Hz 
 
b) 521Hz 
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c) 971Hz 
 
d) 2111Hz 
 
Fig. 114: Image a) is the test 13 at 79Hz, image b) is the test 14 at 521Hz, image c) is the test 
15 at 971Hz and image d) is the test 16 at 2111Hz. 
 
In the image a), the result is completely different, is not similar at all to the 
other mappings and the IR image.  
The image b) is clear that gives acceptable results.  
The image c) is similar to the previous performed at 872Hz.  
In the image d), the correlation with the IR image is still present. 
At this point, a numerical method was developed to compare all experiments 
and that is counting good and bad quality cells. Below is a table of all the 
experiments of three points per cell, detailing the conditions, the number of 
cells and correlation with the IR image: 
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Test 
Offset 
(V) 
ν 
(Hz) 
Amplitude 
(V) 
Wave 
λ 
(nm) 
Good 
cells 
Bad 
cells 
IR 
corr 
1 4 872 0.2 sen 655 27 2 -0.03 
2 2.25 791 2.25 square 655 56 3 -0.04 
3 4.05 872 0.5 sen 655 27 2 -0.05 
4 4.05 872 0.3 sen 655 24 2 -0.05 
5 4.05 872 0.1 sen 655 24 2 -0.06 
6 2.2 872 2.2 square 655 60 2 -0.04 
7 2.25 872 2.05 square 655 63 2 -0.03 
8 4 872 0.2 sen 532 20 2 -0.07 
9 2.25 791 2.25 square 532 60 2 -0.01 
10 4.05 872 0.5 square 655 35 2 -0.01 
11 4.05 872 0.3 square 655 24 2 -0.06 
12 4.05 872 0.1 square 655 23 2 -0.06 
13 4.05 79 0.5 sen 655 50 66 -0.13 
14 4.05 521 0.5 sen 655 28 2 -0.04 
15 4.05 971 0.5 sen 655 26 2 -0.06 
16 4.05 
211
1 
0.5 sen 655 33 2 -0.08 
17 4 872 0.2 sen 473 20 2 -0.05 
18 2.05 791 2.25 square 473 62 3 -0.02 
19 1.9 872 1.9 square 655 75 15 0.02 
Table 21: Magnitudes of all experiments of panel number 5. 
The analysis should be divided attending the IR image or the LBIC result. 
Considering the results obtained with the LBIC there are two cells of bad 
quality, one of them appears to be cold in the IR image and other not.  
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On the cold and bad quality cell this is the problem: 
 
Fig. 115: Image of the problem on the P3 scribe. There is a different color and some particles 
are also appreciated above the scribe. P2 scribe shows problems also at the center of the 
spots. 
There is a different color on P3 as in the other panels but also the P2 scribe 
seems to be affected. In the cell with low voltage which does not appear as 
cold in the IR image, there is a problem in the P1 scribe: 
 
Fig. 116: Image of the problem on the P1 scribe. There is a dark deposition above the scribe.  
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This debris causes a defect which increases the dark current and as discussed 
before, this increase involves a voltage reduction. 
In the cells with a higher voltage appears nothing looking at the microscope.  
Considering the IR image, the first sector shows alternating cold cells, this is 
not detected by the LBIC so it´s affecting the temperature but not the 
electrical behavior of the cell. It indicates a laser problem because scribes are 
performed one in each direction, so it seems the problem is only in one 
direction and not the spot of the laser source. At the microscope a dark color 
in the middle of the spot is visible, such as a “donut” and usually indicates 
high power that could affect the series resistance. If the current is the same, 
could affect the temperature of the cell. 
 
Fig. 117: Detail of the P2 “donut” at the center of the spot. 
 
 
 
 
Development of a LBIC system adapted to the photovoltaic industry quality 
 
 136 
3.6. Panel number 6 
Next panel with the IV curve and an IR image; for the IV curve, compared this 
panel with the reference: 
 
Fig. 118: IV curve of the panel number 6. In blue appears the IV curve of the panel number 6 
and in red of the reference panel. There is a difference mainly in Voc. 
This is the IR image, in which hot cells appear in white in black the cold: 
 
Fig. 119: IR image of the panel number 6. 
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Having this image is possible to compare this technique and the LBIC. In all 
experiments the background light was on, only three points per cell, same 
distance to the panel and same distance between measurements. From this 
point, same conditions as the previous panels were done to check if results 
are similar. 
First experiment is to test the three laser wavelengths with a sinusoidal 
signal and compare it with the square signal and the IR images. Some 
parameters are fixed: 
- Sinusoidal signal 
- Amplitude 0.2V 
- Offset: 4V 
- Modulating frequency: 872Hz 
 
a) Blue laser (473nm) 
 
b) Red laser (655nm) 
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c) Green laser (532nm) 
 
Fig. 120: Scale color of the signal using: a) blue laser (test 11), b) red laser (test 1) and green 
laser (test 2). 
In the image a), the result is similar to the IR image although some cells are 
not highlighted. The black cell of the third sector and the first cell of the 
fourth sector are not highlighted in the LBIC image and one of the bad 
quality cells of the fifth sector is not highlighted in the IR image. The other 
black cells of the IR image are good or bad quality cells in the LBIC image.  In 
the image b), the result is similar to the blue laser. The correlation with the 
IR image is better. In the image c), the result is different from the other 
wavelengths mappings. Therefore, once more the wavelength matters.  
Also for this panel, was tested the result of the variation of the laser between 
5 and 10mW for all wavelengths. In this way, is possible to analyze the 
absolute value and not only the relative. Other parameters were fixed: 
sinusoidal signal, modulating frequency of 971Hz and laser wavelength of 
473nm. 
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a) Amplitude 0.15V and offset 
3.69V for the blue laser 
 
b) Amplitude 0.07V and offset 
3.87V for the red laser 
 
 
c) Amplitude 0.32V and offset 3.13V for the green laser 
 
Fig. 121: Scale color of the signal with power between 5 and 10mW for: a) blue laser (test 
27), b) red laser (test 28) and green laser (test 29). 
The image a) is different from b) and c). The blue laser provides a lower 
signal in absolute value. But the good or bad quality cells are highlighted in 
the same way in all wavelengths. The first sector is different with more cells 
highlighted. 
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Below is the behavior of the values for each wavelength: 
  Blue Red Green 
Maximum 0.1443 0.2793 0.1933 
Minimum 0.0070 0.0244 0.0077 
Average 0.0315 0.1145 0.0693 
St. deviation 0.0122 0.0295 0.0207 
Table 22: Comparison of the signal values for each wavelengths at the same laser power.  
The red laser is the one that produce more voltage on the panels.  
The experiment with the square signal is similar to the sinusoidal. Some 
parameters are fixed: 
- Square signal 
- Amplitude 2.25V 
- Offset: 2.25V 
- Modulating frequency: 791Hz 
 
a) Blue laser (473nm) 
 
b) Red laser (655nm) 
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c) Green laser (532nm) 
 
Fig. 122: Scale color of the signal using: a) blue laser (test 12), b) red laser (test 3) and green 
laser (test 4). 
In the image a), the result is very similar to the IR image, better than the 
sinusoidal because the mentioned cells of sector three and four are cells of 
bad quality, although the left of the first sector is not similar to the IR image.  
In the image b), the correlation with the IR image is even better. The 
mapping is similar to the sinusoidal.  
All mappings with square signal are quite similar to each other (>0.83), so the 
wavelength is not as important as for the sinusoidal case.  
Below is the correlation coefficient between the sinusoidal and square signal 
and each of them against the IR image. The correlation against IR image is 
not perfect, as it´s only digital values (0;1) and not integer values.  
Corr. Sin vs square Corr. Sin vs IR Corr. Square vs IR 
Red laser 
0.9712 0.5520 0.5352 
Green laser 
0.4804 0.2116 0.4203 
Blue laser 
0.6295 0.5076 0.3461 
Table 23: Comparison of the correlation coefficient of the sinusoidal, square and IR images 
for panel number 6. 
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The conclusions so far are: 
- Wavelength is important for both types of signal.  
- Wavelength is more important for the sinusoidal signal. 
- Red laser is the one that operates better.  
- Square signal gives results more similar to those of IR. 
For the following experiments, the red laser is the only used because is the 
most stable, repeatable and similar to the IR results.  
The next experiment was performed changing the amplitude and the other 
parameters are fixed: 
- Sinusoidal signal  
- Frequency 872Hz 
- Offset 4.05V 
 
 
a) Amplitude 0.5V (0.4 to 
15mW) 
 
b) Amplitude 0.3V (0.8 to 
14.7mW) 
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c) Amplitude 0.1V (7.7 to 
11.8mW) 
 
d) Amplitude 0.05V (8.9 to 
10.9mW) 
 
Fig. 123: Image a) is the test 5 with 0.5V of amplitude, image b) is the test 6 with 0.3V of 
amplitude, image c) is the test 7 with 0.1V of amplitude and image d) is the test 33 with 
0.05V of amplitude. 
The image a) is similar to the sinusoidal test performed with the red laser 
and the correlation with the IR image is good.  
In the image b), the result is similar to the greater amplitude. The correlation 
with the IR image is lower.  
In the image c), the result is similar to the previous ones.  
The image d) corresponds to the smaller amplitude (0.05V) to check which 
the threshold of the amplitude is and the result is that the correlation is 
worse. 
Comparing all amplitudes to the IR image: 
Amplitude Correlation coef. 
0.5V 0.5519 
0.3V 0.5285 
0.1V 0.5233 
0.05V 0.0903 
Table 24: Comparison of the correlation coefficient decreasing the amplitude for the 
sinusoidal signal. 
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With the amplitude of 0.5V the correlation with the IR image was doubled. It 
seems that more than 0.3V is the limit for a good result for this panel. 
The next set of experiments was using square signal at the start, middle and 
end of the power ramp. Other parameters are fixed: square signal and 
frequency of 872Hz. 
 
Fig. 124: Power ramp of the red laser showing the maximum voltage of each test. 
a) Amplitude 2.2V (0.03 to 
15mW) and offset 2.2V 
 
b) Amplitude 2.05V (0.002 to 
10.9mW) 
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c) Amplitude 1.9V (0.02 to 2mW) and offset 1.9V 
 
Fig. 125: Image a) is the test 8 with 2.2V of offset, image b) is the test 9 with 2.05V of offset 
and image c) is the test 10 with 1.9V of offset. 
In the image a), the result is similar to the previous square test with 2.25V 
offset and 2.25V of amplitude.  
In the image b), the correlation with the previous experiment of greater 
amplitude is 0.96. 
In the image c), the correlation with 2.2V and 2.05V is regular (0.73 and 
0.84), probably due to the low maximum power (2mW), just above the 
emission threshold.  
Comparing all amplitudes with the IR image: 
Offset Amplitude Correlation coef. 
2.2V 2.2V 0.5165 
2.05V 2.05V 0.4615 
1.9V 1.9V 0.1871 
Table 25: Comparison of the correlation coefficient decreasing amplitude and offset for the 
square signal. 
For this panel, behavior is the same for both types of signal, less amplitude 
gives worse correlation with IR image. To distinguish if the problem is the 
amplitude or the offset, the following set of experiments keep the same 
offset (4.05V) and only vary the amplitude. It´s again a square signal at 
872Hz. 
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Fig. 126: Power ramp of the red laser showing the maximum voltage of each test. 
 
a) Amplitude 0.5V (10 to 
15.3mW) 
 
b) Amplitude 0.3V (10 to 
14.7mW) 
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c) Amplitude 0.1V (10 to 11.8mw) 
 
Fig. 127: Image a) is the test 13 with 0.5V of amplitude, image b) is the test 14 with 0.3V of 
amplitude and image c) is the test 15 with 0.1V of amplitude. 
The image a) is similar to the previous square tests. 
In the image b), the result is the same as the amplitude 0.5V (0.98), 
consequence of the difference in power, only 0.6mW.  
In the image c), the result is still similar to the IR image.  
Comparing all amplitudes to the IR image: 
Amplitude Correlation coef. 
0.5V 0.5479 
0.3V 0.5308 
0.1V 0.5236 
Table 26: Comparison of the correlation coefficient decreasing the amplitude for the square 
signal.  
The next set of experiments was changing the frequency. This was done 
using prime numbers in order to avoid problems with harmonics, as in all 
experiments. Other parameters are fixed: 
- Sinusoidal signal 
- Amplitude 0.5V  
- Offset: 4.05V 
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a) 79Hz 
 
b) 521Hz 
 
c) 971Hz 
 
d) 2111Hz 
 
Fig. 128: Image a) is the test 19 at 79Hz, image b) is the test 16 at 521Hz, image c) is the test 
17 at 971Hz and image d) is the test 18 at 2111Hz. 
In the image a), the result is not similar at all to the other mappings and the 
IR image.  
The image b) gives acceptable results but the corners present lower values.   
The image c) is similar to previous performed at 872Hz.  
In the image d), the correlation with the IR image is still good. 
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For this panel, more tests were performed in order to investigate the limits 
of measurement. First, a greater offset of the sinusoidal signal, because for 
all experiments were done with a maximum of 4.05V but from the square 
signal is obvious that greater offset it´s better. Experiments with different 
amplitudes at 4.4V offset were made, all of them with the maximum in the 
saturation area. Other parameters were fixed: sinusoidal signal and 
frequency of 971Hz. 
 
Fig. 129: Power ramp of the red laser indicating the amplitudes used in the test (every 
color). 
a) Amplitude 0.3V (10.9 to 
15.3mW) 
 
b) Amplitude 0.2V (12.6 to 
15.3mW) 
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c) Amplitude 0.1V (14 to 15.3mW) 
 
Fig. 130: Image a) is the test 20 with 0.3V of amplitude, image b) is the test 21 with 0.2V of 
amplitude and image c) is the test 22 with 0.1V of amplitude. 
In the image a), is possible to notice that enter the saturation area gives 
worse results. The correlation with the IR image is worse than the same 
amplitude and 4.05V offset.  
In the image b), the correlation with the IR image is better.  
In the image c), the correlation is low because the amplitude is too less. 
Comparing all amplitudes to the IR image: 
Amplitude Correlation coef. 
0.3V 0.4621 
0.2V 0.4588 
0.1V 0.4386 
Table 27: Comparison of the correlation coefficient decreasing the amplitude for the square 
signal. 
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Next experiment is the same as the above but with square signal to check if 
the saturation area also worsens the correlation. Maximum and minimum 
are in this area. Other parameters are fixed: square signal, offset of 4.4V and 
modulating frequency of 971Hz. 
 
Fig. 131: Power ramp of the red laser showing the maximum voltage of each test. 
 
a) Amplitude 0.3V 
 
b) Amplitude 0.2V 
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c) Amplitude 0.1V 
 
Fig. 132: Image a) is the test 30 with 0.3V of amplitude, image b) is the test 31 with 0.2V of 
amplitude and image c) is the test 32 with 0.1V of amplitude. 
In the image a), the correlation with the same amplitude but with 4.05 offset 
is greater than 0.7 but the bottom right corner shows lower values. 
In the image b), the result is similar to the previous (0.97).  
In the image c), the correlation with the IR image is worse. The correlation 
with the same amplitude and 4.05V is 0.72. In conclusion, is better to avoid 
the saturation area. 
Comparing all amplitudes to the IR image: 
Amplitude Correlation coef. 
0.3V 0.4559 
0.2V 0.4649 
0.1V 0.4261 
Table 28: Comparison of the correlation coefficient decreasing the amplitude for the square 
signal. 
The last experiment combines two parameters: amplitude of 0.05V (the 
smallest) and lower and higher frequencies than before. It was performed 
with a sinusoidal signal and offset of 4.05V. 
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a) 233Hz 
 
b) 421Hz 
 
  
c) 3109Hz 
 
d) 4111Hz 
 
Fig. 133: Image a) is the test 23 at 233Hz, image b) is the test 24 at 421Hz, image c) is the test 
25 at 3109Hz and image d) is the test 26 at 4111Hz. 
In the image a), the result is only a little bit worse than 521Hz with greater 
amplitude. The correlation with the IR image is 0.4308. The image b) can be 
compared with the test performed with amplitude 0.5V and 521Hz and the 
correlation is 0.98. In the image c), the correlation with the previous result is 
0.86. Image d) is similar to the previous. 
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Test 
Offset 
(V) 
ν (Hz) 
Amplitude 
(V) 
Wave 
λ 
(nm) 
Good 
cells 
Bad 
cells 
IR 
corr 
1 4 872 0.2 sen 655 25 7 0.55 
2 4 872 0.2 sen 532 31 13 0.21 
3 2.25 791 2.25 square 655 39 8 0.54 
4 2.25 791 2.25 square 532 43 10 0.42 
5 4.05 872 0.5 sen 655 26 6 0.55 
6 4.05 872 0.3 sen 655 23 5 0.53 
7 4.05 872 0.1 sen 655 23 5 0.52 
8 2.2 872 2.2 square 655 31 9 0.52 
9 2.05 872 2.05 square 655 59 10 0.46 
10 1.9 872 1.9 square 655 68 30 0.19 
11 4 872 0.2 sen 473 23 5 0.51 
12 2.25 791 2.25 square 473 60 10 0.35 
13 4.05 872 0.5 square 655 30 6 0.55 
14 4.05 872 0.3 square 655 25 5 0.53 
15 4.05 872 0.1 square 655 22 5 0.52 
16 4.05 521 0.5 sen 655 26 6 0.55 
17 4.05 971 0.5 sen 655 29 6 0.53 
18 4.05 2111 0.5 sen 655 35 7 0.47 
19 4.05 79 0.5 sen 655 105 94 0.27 
20 4.4 971 0.3 sen 655 14 4 0.46 
21 4.4 971 0.2 sen 655 14 3 0.46 
22 4.4 971 0.1 sen 655 17 12 0.44 
23 4.05 233 0.05 sen 655 42 40 0.43 
24 4.05 421 0.05 sen 655 19 4 0.51 
25 4.05 3109 0.05 sen 655 40 11 0.41 
26 4.05 4111 0.05 sen 655 43 8 0.35 
27 3.69 971 0.15 sen 473 23 10 0.53 
28 3.87 971 0.07 sen 655 64 16 0.43 
29 3.13 971 0.32 sen 532 57 10 0.45 
30 4.4 971 0.3 square 655 17 12 0.46 
31 4.4 971 0.2 square 655 14 1 0.46 
32 4.4 971 0.1 square 655 16 5 0.43 
33 4.05 971 0.05 sen 655 44 17 0.09 
Table 29: Magnitudes of the experiments of panel number 6. 
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The best conditions are similar to the first panels, with frequency of 872Hz, 
offset of 4V and red laser. Signal can be sinusoidal or square with amplitudes 
between 0.2 and 0.5V. Around 25 good quality cells are detected and only 6 
bad quality cells.  
At this point, a numerical method was developed to compare all experiments 
and that is counting cells of good and bad quality. Above is a table of all the 
experiments of three points per cell, detailing the conditions, the number of 
cells and correlation with IR image. 
The panel was inspected with a portable microscope in order to find the 
problem of bad quality cells and the reason why other are good quality cells. 
Both types appear as cold cells in the IR image. 
In the bad quality cells, two different problems were found, one is the same 
problem as in previous panels, P3 laser shows a different color in some 
places, which indicates that not all layers have been removed: 
 
Fig. 134: Different color on P3 laser on panel number 6. 
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And the other problem is damage to the P1 scribe, there are some black dots 
that indicate excessive power and damage of TCO layer: 
 
Fig. 135: Black dots on P1 scribe on panel number 6. 
Good cells have no problems observed with the microscope so are cold and 
produce more voltage. The only explanation, that it´s no easy to check with a 
non-destructive method, is that the doped depositions are thinner in these 
cells because this change reduces the number of recombinations and voltage 
increases.  
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3.7. Panel number 7 
Last measured panel with the IV curve and an IR image; for the IV curve, 
compared this panel with the reference: 
 
Fig. 136: IV curve of the panel number 7. In red appears the IV curve of the panel number 7 
and in blue of the reference panel. There is a difference mainly in Voc. 
This is the IR image, in which hot cells appear in white and in black the cold: 
 
Fig. 137: IR image of the panel number 7. 
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Having this image is possible to compare this technique and the LBIC. In all 
experiments the background light was on, only three points per cell, same 
distance to the panel and same distance between measurements. From this 
point, same conditions as the previous panel were tested to check if results 
are similar. 
First experiment is to test the three laser wavelengths with a sinusoidal 
signal and compare it with the square signal and the IR images. Some 
parameters are fixed: 
- Sinusoidal signal 
- Amplitude 0.2V 
- Offset: 4V 
- Modulating frequency: 872Hz 
 
a) Blue laser (473nm) 
 
b) Red laser (655nm) 
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c) Green laser (532nm) 
 
Fig. 138: Scale color of the signal using: a) blue laser (test 8), b) red laser (test 1) and green 
laser (test 3). 
In the image a), the lower section is good reproducible, detecting alternate 
good and bad quality cells but the other black lines are not detected but the 
correlation is low because of the other black cells only one in the second 
sector is highlighted. 
In the image b), the result is different from the blue laser because the other 
lines are correct detected, there are only two cells of the first sector not 
highlighted. The correlation is then better.  
In the image c), the result is better than with the red laser because the cells 
of the first sector are detected. The cell of the fourth sector is although not 
highlighted.  
The experiment with the square signal is similar to the sinusoidal. 
Parameters that are fixed: 
- Square signal 
- Amplitude 2.25V 
- Offset: 2.25V 
- Modulating frequency: 791Hz 
 
 
Development of a LBIC system adapted to the photovoltaic industry quality 
 
 160 
a) Blue laser (473nm) 
 
b) Red laser (655nm) 
 
 
c) Green laser (532nm) 
 
Fig. 139: Scale color of the signal using: a) blue laser (test 9), b) red laser (test 2) and green 
laser (test 4). 
In the image a), the result is not similar to the sinusoidal result with the blue 
laser because more cells of the first sector are highlighted. The correlation is 
only 0.3.  
In the image b), the correlation with the sinusoidal for the red laser is almost 
complete.   
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All the mappings with the square signal more similar between them 
(correlation above 0.8).   
Below is the correlation coefficient between sinusoidal and square signal and 
each of them against the IR image. The correlation against IR image is not 
perfect, as it´s only digital values (0;1) and not integer values.  
Corr. Sin vs square Corr. Sin vs IR Corr. Square vs IR 
Red laser 
0.9833 0.5256 0.4964 
Green laser 
0.4342 0.3594 0.5109 
Blue laser 
0.3189 0.1114 0.5037 
Table 30: Comparison of the correlation coefficient of the sinusoidal, square and IR images 
of panel number 7. 
The conclusions so far are: 
- Wavelength is important for both types of signal.  
- Red laser is the one that operates better with the sinusoidal signal 
and green laser with the square signal.  
- Opposite other panels, square signal gives results more similar to 
those of IR. 
For the following experiments, the red laser is the only used because is the 
most stable, repeatable and similar to the IR results.  
The next experiment was performed varying the amplitude of the sinusoidal 
signal while the offset is fixed in 4.05V and the frequency is 872Hz. 
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a) Amplitude 0.5V (0.4 to 
15mW 
 
b) Amplitude 0.3V (0.8 to 
14.7mW) 
 
 
c) Amplitude 0.1V (7.7 to 11.8mW) 
 
Fig. 140: Image a) is the test 5 with 0.5V of amplitude, image b) is the test 6 with 0.3V of 
amplitude and image c) is the test 7 with 0.1V of amplitude. 
The image a) is similar to the first experiment with the red laser (0.98).  
In the image b), the result is similar to the previous (0.99). 
The image c) is still similar to the greater amplitudes (0.99). 
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Comparing all amplitudes with the IR image: 
Amplitude Correlation coef. 
0.5V 0.4887 
0.3V 0.5001 
0.1V 0.4943 
Table 31: Comparison of the correlation coefficient decreasing the amplitude of the 
sinusoidal signal. 
The next set of experiments was using square signal at 872Hz in the start, 
middle and end of the power ramp.  
 
Fig. 141: Power ramp of the red laser showing the maximum voltage of each test. 
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a) Amplitude 2.2V (0.03 to 
15mW) and offset 2.2V 
 
b) Amplitude 2.05V (0.002 to 
10.9mW) 
 
 
c) Amplitude 1.9V (0.002 to 2mW) and offset 1.9V 
 
Fig. 142: Image a) is the test 10 with 2.2V of offset, image b) is the test 11 with 2.05V of 
offset and image c) is the test 12 with 1.9V of offset. 
In the image a), the result is similar to the previous square test with 2.25V 
offset and 2.25V of amplitude. The correlation between them is 0.98. 
In the image b), the correlation with the previous experiment of greater 
amplitude is 0.96. 
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In the image c), the correlation with 2.2V and 2.05V is regular (0.76 and 
0.87), probably due to the low maximum power (2mW), just above the 
emission threshold.  
Comparing all amplitudes to the IR image: 
Offset Amplitude Correlation coef. 
2.2V 2.2V 0.4732 
2.05V 2.05V 0.5218 
1.9V 1.9V 0.3486 
Table 32: Comparison of the correlation coefficient decreasing offset and amplitude of the 
square signal. 
To distinguish if the problem is the amplitude or the offset, the following set 
of experiments keep the same offset (4.05V) and only vary the amplitude. 
Parameters that are fixed: 
- Square signal 
- Modulating frequency: 872Hz 
- Offset: 4.05V 
 
Fig. 143: Power ramp of the red laser showing the maximum voltage of each test. 
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a) Amplitude 0.5V (10 to 
15.3mW) 
 
b) Amplitude 0.3V (10 to 
14.7mW) 
 
 
c) Amplitude 0.1V (10 to 11.8mW) 
 
Fig. 144: Image a) is the test 13 with 0.5V of amplitude, image b) is the test 14 with 0.3V of 
amplitude and image c) is the test 15 with 0.1V of amplitude. 
The image a) is similar to pervious. 
In the image b), the result is the same as the amplitude 0.5V (0.99), as a 
consequence of the difference in power, only 0.6mW.  
In the image c), the result is similar to greater amplitudes (0.98 and 0.99). 
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Comparing all amplitudes to the IR image: 
Amplitude Correlation coef. 
0.5V 0.5145 
0.3V 0.4813 
0.1V 0.4904 
Table 33: Comparison of the correlation coefficient decreasing amplitude of the square 
signal. 
The last series of experiments was changing the frequency. This was done 
using prime numbers in order to avoid problems with harmonics, as in all 
experiments. Other parameters were fixed: 
- Sinusoidal signal 
- Amplitude 0.5V  
- Offset: 4.05V 
 
 
a) 79Hz 
 
b) 521Hz 
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c) 971Hz 
 
d) 2111Hz 
 
Fig. 145: Image a) is the test 19 at 79Hz, image b) is the test 16 at 521Hz, image c) is the test 
17 at 971Hz and image d) is the test 18 at 2111Hz. 
The image a) is not similar to the other mappings and the IR image with low 
values.  
The image b) gives acceptable results but shows some low values in third and 
fourth sector.  
The image c) is similar to the previous performed at 872Hz.  
In the image d), the correlation with the IR image is still good. 
At this point, a numerical method was developed to compare all experiments 
and that is counting cells of good and bad quality. Below is a table of all the 
experiments of three points per cell, detailing the conditions, the number of 
cells and correlation with IR image: 
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Test 
Offset 
(V) 
ν 
(Hz) 
Amplitude 
(V) 
Wave 
λ 
(nm) 
Good 
cells 
Bad 
cells 
IR 
corr 
1 4 872 0.2 sen 655 60 2 0.53 
2 2.25 791 2.25 square 655 66 5 0.50 
3 4 872 0.2 sen 532 46 37 0.36 
4 2.25 791 2.25 square 532 70 6 0.51 
5 4.05 872 0.5 sen 655 56 1 0.49 
6 4.05 872 0.3 sen 655 57 1 0.50 
7 4.05 872 0.1 sen 655 54 1 0.49 
8 4 872 0.2 sen 473 62 34 0.11 
9 2.25 791 2.25 square 473 73 6 0.50 
10 2.2 872 2.2 square 655 72 5 0.47 
11 2.05 872 2.05 square 655 74 6 0.52 
12 1.9 872 1.9 square 655 95 15 0.35 
13 4.05 872 0.5 square 655 64 4 0.51 
14 4.05 872 0.3 square 655 57 1 0.48 
15 4.05 872 0.1 square 655 53 1 0.49 
16 4.05 521 0.5 sen 655 55 0 0.52 
17 4.05 971 0.5 sen 655 59 2 0.49 
18 4.05 2111 0.5 sen 655 66 4 0.44 
19 4.05 79 0.5 sen 655 55 0 0.52 
Table 34: Magnitudes of all the experiments of panel number 7. 
As observed in previous panels, the problem is a different color in P3 
indicating that the silicon and/or metals are not properly removed: 
 
Fig. 146: Different color and particle found in P3 in the panel number 7. 
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After the measurements of the seven panels, is possible to analyze the 
behavior of each individual test. Considering only the panels with a good 
correlation, these graphs are obtained: 
It´s possible to analyze the behavior of the correlation versus the 
wavelength, for square and sinusoidal signal (each series is each panel): 
 
Fig. 147: Graph of the correlation coefficient versus the wavelength for sinusoidal signal. 
The higher coefficients are obtained with the red laser. 
 
Fig. 148: Graph of the correlation coefficient versus the wavelength for square signal. The 
higher coefficients are obtained with the red laser. 
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In general, the red laser gives a better correlation for both sinusoidal and 
square signal.  
Analyzing the behavior versus the amplitude, it´s necessary to differentiate 
again between sinusoidal and square signal: 
 
Fig. 149: Graph of the correlation coefficient versus the amplitude for the sinusoidal signal. 
There is no dependence on the amplitude. 
 
Fig. 150: Graph of the correlation coefficient versus the amplitude for square signal. There is 
no dependence on the amplitude. 
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The correlation with the IR image is independent from the amplitude of the 
signal if this is above 0.1V. Plotting the panel with the measurement of 0.05V 
of amplitude: 
 
Fig. 151: Graph of the correlation coefficient versus the amplitude for the panel with the 
smallest amplitude. 
Thus is easy to show that amplitudes below 0.1V are not suitable for the 
measurements. 
The offset is important, it should be about half of the ramp in order to avoid 
the saturation area and the low power region: 
 
Fig. 152: Graph of the correlation coefficient versus the offset. The higher the offset, the 
higher the coefficient. 
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Finally, the analysis versus the frequency: 
 
Fig. 153: Graph of the correlation coefficient versus the frequency for the sinusoidal signal. 
Below 500Hz the coefficients are lower. 
As seen in the mappings, 79Hz is too low and the correlation coefficient is 
lower. Furthermore, 2111 still gives good coefficients. Therefore, the 
frequency must be above 500Hz.  
Another possible analysis by the type of defect: 
- Different color in P3 scribe: seen in some panels a color change. 
Sometimes it´s accompanied by defects such as dust or a color 
change also in the other two laser scribes, but the behavior is similar. 
The cells show less voltage than the average and it´s repeatable in all 
the tests. With the square signal, the values are even lower. The 
explanation is that not all material is removed and a shortcut is 
created producing a bigger cell.  
 
- Different color in P1 scribe: in this case the cells show good voltage, 
with more than double the average. It´s repeatable in all the tests. 
 
- P2 problems: such as dust or particles that hinder the complete 
scribe or deposition problems. All these defects present the same 
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behavior: approximately twice the average voltage. The explanation 
could be the increase of the active area.  
 
- TCO scratches: in some panels appear some marks of a different 
color on the TCO. The result is almost twice the average voltage. It´s 
difficult to know exactly what are these marks, but perhaps the 
material presents different properties in these regions and the 
voltage increases. 
 
- P2 inversion: the result is about the average value. This is the 
expected behavior because such the inversion is not complete, P2 
scribe exists at the edges of the cell, the path for the electrical circuit 
is not open and the cell in this cell, the value measured is around the 
average.  
In the following graph, the X-axis represents all the tests performed for the 
seven panels and Y-axis the value of each cell divided by the panel average. 
Therefore, less than one means bad quality (low voltage) and more than one 
means good quality. Each group of defects is represented by a series: 
 
Fig. 154: Graph showing all tests where the Y-axis is the cell value divided by the average. 
Every defect is shown in a different color.  
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An average of these values for each kind of defect was performed to analyze 
the behavior of each test. Here is the dependence on the wavelength: 
 
Fig. 155: Graph of the different defects versus the wavelength. The Y-axis shows the cell 
value divided by the average. 
The result is consistent according to the articles: 
 Red laser: it´s expected that with a wavelength of 655nm to detect 
recombinations and inhomogeneity distribution in the p layer. The 
result is that this laser detects correctly the different color of the P1 
scribe (remaining TCO) and scratches on the TCO, means problems in 
the TCO-p layer surface. On the other hand, the problems of P3 are 
not detected. 
 Green laser: it´s expected that with a wavelength of 532nm to detect 
the bulk problems, in the intrinsic layer.  
 Blue laser: it´s expected that with a wavelength of 473nm to detect 
recombinations and an inhomogeneity distribution in the n layer. 
And the result is that this laser detects correctly the different color of 
the P3 scribe (remaining metal) but does not detect the TCO 
problems.  
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Another possible analysis versus the amplitude was performed: 
 
Fig. 156: Graph of the different defects versus the wavelength. The Y-axis shows the cell 
value divided by the average. 
All these measurements were done with the red laser so that the more 
reliable data are those related to the TCO or P1 scribe and in this case the 
behavior is clear: as the amplitude decreases, the value increases, so the 
problem is best detected. The reason is probably because the measurement 
is far from the saturation area. Finally, the analysis versus the frequency: 
 
Fig. 157: Graph of the different problems versus the frequency. The Y-axis shows the cell 
value divided by the average. 
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Again, these measurements were done with the red laser so the attention 
should be paid on the P1 and TCO problems. As seen in the mappings, 79Hz 
is very low and the result is not good but 2111Hz seems to be either not 
good. The maximum is between 500 and 1000Hz.  
In all panels, the main problem seems to be the different color that appear in 
the bad quality cells (low voltage) and that could be silicon and metal 
remaining in the scribe which shorts out the cell.  
To verify if there is any material, a small experiment was established in the 
optical laboratory: a He-Ne laser from Melles Griot with a wavelength of 
633nm was used to illuminate a small piece of a panel. The beam passes 
through the solar panel (positioned vertically) and the scribes act as a slit so 
that the beam is diffracted and the characteristic pattern appears: 
 
Fig. 158: Image of the He-Ne laser in front of the piece of solar panel. The spot is placed on 
the scribes.  
By moving the solar panel with the micro-positioner was easy to find where 
any remaining material is because the diffraction pattern changes (both 
diffraction patterns, one produced by the light passing through the scribe, 
and also the other produced by the light reflected) modifying the intensity: 
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Fig. 159: Transmitted diffraction pattern of the scribes.  
Taking into account the diffraction theory, applied to the case of generally N 
apertures, is possible to plot the irradiance distribution. The disturbance of 
the signal can be written in an exponential form: 
       [   (   )]                  
Where a is the amplitude,    [   (  ⁄ )] is the phase, ν is the frequency, t 
is time and λ is the wavelength.  
The time varying factor       can be ignore since waves are of the same 
frequency and this factor is the same.  
The other factor           is called complex amplitude. 
As is known,                for any angle φ. And therefore: 
      (          )                   (               )
    
       
    
Where φ the phase.  
The resultant irradiance is given by the square of the real amplitude. Thus: 
                      (   )     
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Considering the set of amplitudes as a series of N equally spaced slits each 
contributing an amplitude a and differing in phase from the adjacent in δ. 
The complex amplitude from the nth slit is then       and the resultant from 
the whole grating is the sum: 
      (                    (   ) )   
      
     
 
Where N is the number of slits and δ is the distance between them. This 
distance can also be calculated as   
       
 
 where d is the period of 
grating.  
The irradiance is again the square of the real amplitude: 
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This expression can also be written as: 
     
      
     
 
Where γ is    
 
 
 
      
 
 and a2 is the irradiance of the diffraction pattern 
of each slit and can be written as    
     
  
. β is the phase difference 
distribution between contributions from the edge and center of the beam 
and the relation with δ is 
    (  ⁄ )
 
 
    
 
. 
So, the complete description of the distribution of light from N slits is given 
by: 
     
     
  
      
     
 
In this case, some assumptions must be considered: 
- Every scribe is like a slit, so need to consider three slits in the above 
equation. 
- The distance between scribes is not exactly the same but is 
considered as an approximation. 
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- The slit width is not the same for the three scribes but is also 
considered as an approximation. 
- The presence of a defect implies that there is material remaining 
(found only on the P3 scribe) and in this case, two slits were 
considered. 
Below is a graph of both patterns, without defect and in presence of a defect 
and it´s possible to appreciate the decrease in intensity (about half): 
 
Fig. 160: Graph of the intensity of the diffraction pattern with and without defect on the 
scribe. Clearly in presence of a defect, the intensity decreases. 
This decrease in intensity is observed in the transmission and reflection 
pattern and the position over the piece of panel was marked.  
Once detected the exact position of the defect, the small piece of panel was 
analyzed using the microscope and as expected, a different color on P3 was 
found: 
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Fig. 161: Image of the microscope where the P3 has a different color.  
Therefore, the result obtained with the IR image, the LBIC method, the light 
diffraction and the microscope matches.  
Finally, this research concludes by analyzing a possible industrial application 
in the production of solar modules.  
The system installed for the project is not valid for an industrial application 
due to the larger cycle time, about two hours and 15 minutes in the fastest 
configuration.  
Therefore, different possibilities are opened to apply it industrially: 
- To be used off-line, as a complement of the solar simulator 
measurement and/or the electroluminescence mapping. It is useful 
to measure the panels with electrical problems because it points 
exactly where the problem is. 
 
- The limitation is to have a single light source on the robot arm. An 
array of lasers (a laser per cell), which can be fixed and the movable 
panel (using the line motion) reaches the throughput requirement. 
 
 
- The array of an illuminating source per cell can also be produced 
with LEDs. It could be even better using white LEDs because the 
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spectrum is more similar to sunlight but possibly the location 
information of the defects is lost. 
 
- The fastest but most expensive possibility is to have an array of a 
LED/laser per cell and also per horizontal area; in other words, a 
matrix of 106x6 LEDs/lasers. The panel must be stopped in this case 
but within seconds the measurement could be performed.  
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CHAPTER 4 
 
 
 
 
 
 
 
 
 
This chapter contains the conclusions extracted from the 
measurements of the seven solar panels. The conclusions 
are about laser stability; optimal offset, amplitude and 
frequency; defects detected and solutions for the industrial 
application. 
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4. CONCLUSIONS 
 
Below is a list of the conclusions drawn from the research. 
Conclusions of the parameters optimization: 
- The red laser is the most stable in this laser source and therefore, is 
the most suitable for measurements.  
 
- There is no big difference over the cell because are very 
homogeneous.  
 
- The offset should be about half of the power curve in order to avoid 
the saturation area and the low power area. 
 
- The amplitude should be as little as possible, but always above 0.1V. 
  
- The frequency should be above 150Hz and below 5kHz. Since below 
150Hz the measurements are invalid and above 5kHz the results are 
random. The maximum of correlation is between 500 and 1000Hz. 
 
- Using the different wavelengths is possible to detect defects in 
different layers (depths). 
Conclusions of the defects detected on the panels: 
- Problems in P3 scribe: present a low voltage (under the average) and 
the better wavelength to detect them is the blue (473nm). 
 
- Problems in P2 scribe: show high voltage (over the average) and the 
better wavelength to detect them is the green (532nm). 
 
- Problems in P1 scribe: present high voltage (over the average) and 
the better wavelength to detect them is the red (655nm). 
 
- Problems in TCO layer: show high voltage (over the average) and the 
better wavelength to detect them is the red (655nm). 
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In relation to the industrial application, different solutions have been 
proposed: 
- Use the system as a complement off-line. 
 
- Use an array of lasers or LEDs and use the line motion. 
 
- Use a matrix of lasers or LEDs and stop the panel for a few seconds. 
 
Finally there are two issues that were not tested but worth trying in the 
future: 
- Focus on a smaller spot in order to analyze inside a cell to confirm 
whether small defects were not detected. A good diameter should 
be below 2-3mm. 
- Test with a UV laser because depth will be higher and, probably, 
defects in the metal layers can be detected.  
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CHAPTER 5 
 
 
 
 
 
 
 
 
 
 
 
In this chapter are mentioned all publications reviewed 
during this study. They appear in alphabetical order.  
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CHAPTER 6 
 
 
 
 
 
 
 
 
 
 
 
 
This chapter is a list of all acronyms mentioned in this study 
in alphabetical order.  
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6. ACRONYM LIST 
 AFM: Atomic Force Microscope    
 AM: Amplitude Modulation 
 AM 1.5: Air Mass 1.5 
 AZO: Aluminum Zinc Oxide 
 BEOL: Back End Of Line 
 BOS: Balance Of System 
 CCD: Charge-Coupled Device 
 CIGS: Copper Indium Gallium Selenide 
 CIS: Copper Indium Selenide 
 CNI: Changchun New Industries 
 COM: IBM PC-COMpatible computers 
 DC: Direct Current 
 DI: Digital Input 
 DO: Digital Output 
 DSP: Digital Signal Processing 
 EBIC: Electron Beam Induced Current 
 EU PVSEC. European Photovoltaic Solar Energy Conference 
 FANUC: Factory Automation Numerical Control 
 FEOL: Front End Of Line 
 FET: Field Effect Transistor 
 FF: Fill Factor 
 GND: Ground 
 GPIB: General Purpose Interface Bus 
 ICM: International Conference on Microelectronics 
 IEEE PVSC: Institute of Electrical and Electronics Engineers 
Photovoltaic Specialists Conference 
 IMP: Current at Maximum Power point 
 I/O: Input/Output 
 IP: Internet Protocol 
 IR: InfraRed 
 IRPS: International Reliability Physics Symposium 
 ISC: Short Circuit Current 
 ISTFA: International Symposium for Testing and Failure Analysis 
 JBox: Junction Box 
 JES: Journal of the Electrochemical Society 
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 JMR: Journal of Materials Research 
 Labview: Laboratory Virtual Instrument Engineering Workbench 
 LBIC: Light Beam Induced Current 
 LED: Light-Emitting Diode 
 NREL: National Renewable Energy Laboratory 
 PC: Personal Computer 
 PCI: Peripheral Controller Interconnect 
 PECVD: Plasma Enhanced Chemical Vapor Deposition 
 PMAX: Maximum Power 
 PSD: Phase Sensitive Detection 
 PV: PhotoVoltaic 
 PVB. PolyVinyl Butyral 
 QASR: Quality Assurance and Shunt Removal 
 QE: Quantum Efficiency 
 RGB: Red Green Blue 
 RS: Series Resistance 
 RSH: Shunt Resistance 
 RS232: Recommended Standard 232 
 RTC: Real Time Control 
 SEM: Scanning Electron Microscope 
 SHG: Second-Harmonic Generation 
 SMA: SubMiniature version A 
 SR: Spectral Response 
 STM: Scanning Tunneling Microscope 
 TCO: Transparent Conductive Oxide 
 TCP/IP: Transmission Control Protocol/ Internet Protocol 
 TEM: Transmission Electron Microscopy  
 TPE: Teach Pendant Editor 
 TTL: Transistor-Transistor Logic 
 USB: Universal Serial Bus 
 VISA: Virtual Instrument Software Architecture 
 VMP: Voltage at Maximum Power point 
 VOC: Open Circuit Voltage 
 WPEC: World Conference on Photovoltaics Energy Conversion 
 2D: Two Dimensions 
 3D: Three Dimensions 
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CHAPTER 7 
 
 
 
 
 
 
 
 
 
There are three annexes on this chapter. First one contains 
the instructions to use the program of the system used in 
the measurements. Second annex is the robot program. Last 
annex contains the graphs provided by the supplier with the 
P-I curves of the three wavelengths. 
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7. ANNEX No 1: Program details 
 
To move the spot on the surface of the solar panel, the scanner and the 
robot work together. The panel area is divided in 12 small areas, 9 areas of 
26x2 cells and three of 27x2 cells, as shown in the following picture: 
 
Fig. 162: Division in several areas of the total surface of the solar panel for the robot 
program.  
The robot function is to place the scanner in the center of each area, so that 
the scanner can cover the whole area. Once finished all the points of the 
area, the robot moves to the next position. 
The robot motion is controlled by the TPE program, made with the teach 
pendant and composed by cycles. There are 13 registered positions, 12 are 
the center of the areas previously shown the standby position, which is used 
as initial and final point of the program, but also as an intermediate point 
between areas. 
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Initially, the robot is in the standby position until it receives the start signal, 
then sends the acknowledgment and moves to the first position by sending 
another confirmation. The program sends the command to move to the 
second area and the robot sends confirmation of the position and then 
moves. This is repeated for all areas and then goes to the standby position.  
Here is the series of movements: 
 
Fig. 163: Robot movements to cover the whole area of the solar panel. 
The main program to control all parameters and see the results was 
performed using Labview (Laboratory Virtual Instrument Engineering 
Workbench) of National Instruments. It´s a graphical interface for data 
analysis, data acquisition or instrument control. It´s widely used in the 
industry because is multi-task and works with different hardware but with 
the same software.   
When opening the program, appears this dialog box where the “.ini” file 
should be selected.  
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Fig. 164: First dialog box where the “.ini” file should be selected.  
This file contains the initial parameters for the wave generator, the scanner 
and the lock-in amplifier. It can be edited with the Windows Notepad: 
 
Fig. 165: Initial parameters file.  
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Once selected this file, pops up a window to define the communication 
protocols with the instruments: 
 
Fig. 166: Communication protocols window.  
In the scanner boxes, the configuration files for the control card must be 
selected: Cor_1to1.ctb (scanner correction file) and RTC4D2.hex (DSP 
program file). These files are provided with the card. 
In the wave generator box, the communication type is established. As 
written before, is the TCP/IP under VISA communication. 
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In the lock-in amplifier box, the communication is also established. Three 
options are available: USB, RS232 and TCP/IP. 
Pressing “SALIR” button, the window closes and the main screen appears: 
 
Fig. 167: The main screen window is grey and only in the left side appear these options. 
To avoid misconfigurations or damage of instruments, the equipment must 
be configured in the order set in the program so that the first is the arbitrary 
waveform generator (this way, laser could not be damaged). 
Pressing the black button “CONFIGURAR SEÑAL APLICADA” pops up the 
configuration window: 
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Fig. 168: Wave generator configuration window.  
Here is possible to select the wave form (sinusoidal, square, triangle…), 
amplitude, offset and frequency. By pressing the “CARGA CONFIGURACIÓN” 
button, parameters are sent to the wave generator and pressing “SALIR”, the 
window closes and returns to the main screen. 
Now, is possible to return to the wave generator configuration or turn the 
laser on with the “GENERAR SEÑAL DE MODULACIÓN” switch. Once in 
position “ON”, the wave generator actives channel 1 to send the signal to the 
laser and the channel “Sync” to send the signal to the lock-in.  
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Once finished, the other buttons of the main screen appear in black.  
 
Fig. 169: Detail of the main screen window.  
Pressing the “CONFIGURAR LOCK-IN” button the configuration window pops 
up. In this window, is possible to set the input mode (differential or direct), 
input type (FET or bipolar), internal parameters (filters, gain...), input 
channel, sensitivity and constant of integration time. For the last two 
parameters, is possible to adjust them manually or automatically. 
There are three LED indicators for fails or overloads: input overload, 
reference unlock, output overload. 
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Fig. 170: Lock-in amplifier configuration window.  
Pressing “SALIR”, the windows closes and appears the main screen. 
In the main screen, is possible to set the scanner pressing “CONFIGURAR 
SCANNER”. 
The distance between the panel and the scanner has been the same in all 
experiments: 487mm, but it can be changed in the program. 
Maximum angle of the scanner is the parameter used to change from angles 
to bits (a displacement of 216/2bits is equivalent to shifting the beam to the 
maximum angle.  This parameter is given by the scanner calibration so it´s 
fixed, but in the program is possible to change it if the scanner also changes. 
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Changing the speed is changing the time between two scanning points. The 
ideal is a higher speed to reduce the scanning time facing  the industrial 
application.  
 
Fig. 171: Scanner configuration window. 
The gain factor, offset and rotation angle are parameters given by the beam 
adjustment. Initially the gain factor is 1, offset is 0 and the rotation angle is 0. 
These parameters would be the same if there is no change from one panel to 
another but small variations in the positioning of the back rails create 
changes in these parameters.  
The correction of these parameters is performed as follows: 
1. Press “CARGAR CONFIGURACIÓN” and then “PROBAR 
CONFIGURACIÓN” to try the initial values. A new window will pop 
up: 
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Fig. 172: Scanner correction window.  
2. Then click on any green circle and the laser beam is moved to this 
position physically on the panel. For example, clicking on the center, 
the spot should be in the (0,0) point.  
 
Fig. 173: Correspondence between the panel and the screen. 
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3. If the laser spot is not exactly in the correct position, pressing 
“SALIR” returns to the previous window. 
4. Change the required parameter (offset corrects the center point, 
gain factor corrects the edges and the angle corrects a turn error) if 
necessary.  
5. Try again this new settings and repeat the steps if necessary. 
In the main screen, there is still a remaining configuration: the scanning 
points. Pressing “CONFIGURAR PUNTOS BARRIDO” pops up this window: 
 
Fig. 174: Scanning points configuration window. 
Here it´s possible to set the number of points, the distribution per cell and 
the scanning direction. 
The number of points to be scanned is defined with the parameters D_D 
(distance from spot to the lower limit of the cell) and D_C (distance between 
consecutive points).  
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The scanning direction is only within small areas and will not affect the robot 
motion.  
Once finished all the settings, by pressing “FINALIZAR CONFIGURACIÓN 
INICIAL” the previous buttons are grayed out and three new tabs appear in 
the main menu: 
 
Fig. 175: Main screen window.  
In this window there are some settings: parameter to be measured (phase 
signal, quadrature signal…) and the stabilization time (time between the spot 
illuminates the area and the measurement is taken). Four indicators show 
the current measurement, start time and date, estimated finish time and 
date and estimated time. On the right side, a 3D graph appears with the 
measured values of a small area in real time. 
Press “INICIAR” starts the whole scanning of the solar panel. 
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In the “CONFIGURACIÓN” tab are all the parameters previously set: 
 
Fig. 176: Configuration tab of the main screen window.  
There are four buttons to open the detail window. The change of parameters 
is not allowed during the scanning, can only be displayed.  
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In the “PANEL COMPLETO” tab is possible to see the measured values of the 
whole panel in real time.  
 
Fig. 177: The graph is updated in real time. 
Once the scanning is complete, a window pops up to save the data: 
 
Fig. 178: Window to save data of the scanning.  
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The saved format is a *.xlsx file. The origin is defined in the lower left corner 
(looking at the active side of the panel): 
 
Fig. 179: Coordinates of the solar panel. 
The data are in a matrix wherein the first row is the X-coordinate and the 
first column is the Y-coordinate. The measured value is saved in volts: 
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Fig. 180: Example of data of a panel.  
Once saved the data, the new parameters can be introduced in the 
“CONFIGURACIÓN” tab and start a new scanning. Pressing “SALIR” ends the 
program. 
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8. ANNEX No 2: FANUC robot program 
 
1:   LBL[1] 
 2:  UFRAME_NUM=2 
 3:L @PR[5] 2000mm/sec FINE 
 4:  WAIT DI[101]=ON 
 5:L @PR[6] 2000mm/sec FINE 
 6:  DO[101]=ON 
 7:  WAIT DI[102]=ON 
 8:  DO[101]=ON 
 9:  WAIT DI[101]=ON 
10:L PR[7] 2000mm/sec FINE 
11:  DO[101]=0N 
12:  WAIT DI[102]=0N 
13:  DO[101]=0FF 
14:  WAIT DI[101]=0N 
15:L @PR[5] 2000oun/sec FINE 
16:L PR[8] 2000mm/sec FINE 
17:  DO[1O1]=ON 
18:  WAIT DI[102]=ON 
19:  DO[101]=OFF 
20:  WAIT DI[101]=ON 
21:L PR[9] 2000mm/sec FINE 
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22:  DO[101]=ON 
23:  WAIT DI[102]=0N 
24:  DO[101]=OFF 
25:  WAIT DI[101]=0N 
26:L PR[10] 2000mm/sec FINE 
27:  DO[101]=0N 
28:  WAIT DI[102]=0N 
29:  DO[101]=OFF 
30:  WAIT DI[101]=ON 
31:L PR[11] 2000mm/sec FINE 
32:  DO[101]=0N 
33:  WAIT DI[102]=0N 
34:  DO[101]=OFF 
35:  WAIT DI[101]=ON 
36:L PR[12] 2000mm/sec FINE 
37:  D0[101]=0N 
38:  WAIT DI[102]=0N 
39:  DO[101]=OFF 
40:  WAIT DI[101]=0N 
41:L PR[13] 2000mm/sec FINE 
42:  DO[101]=0N 
43:  WAIT DI[102]=0N 
44:  DO[101]=OFF 
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45:  WAIT DI[101]=0N 
46:L PR[14] 2000mm/sec FINE 
47:  D0[101]=0N 
48:  WAIT DI[102]=0N 
49:  D0[101]=0FF 
50:  WAIT DI[101]=0N 
51:L PR[15] 2000mm/sec FINE 
52:  DO[101]=0N 
53:  WAIT DI[102]=0N 
54:  DO[101]=OFF 
55:  WAIT DI[101]=0N 
56:L PR[16] 2000mm/sec FINE 
57:  DO[101]=0N 
58:  WAIT DI[102]=0N 
59:  DO[101]=OFF 
60:  WAIT DI[101]=0N 
61:L PR[17] 2000mm/sec FINE 
62:  DO[101]=0N 
63:  WAIT DI[102]=0N 
64:  DO[101]=OFF 
65:  WAIT DI[101]=0N 
66:L @PR[5] 2000mm/sec FINE 
67:  DO[101]=0N 
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68:  WAIT DI[102]=0N 
69:  DO[101]=OFF 
70:  JMP LBL[1] 
[END] 
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9. ANNEX No 3: Lasers P-I curves provided by the supplier 
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